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TRANSMISSION  OF  PHYSIOLOGICAL  INFLUENCE  IN 
PROTOPLASMIC    SYSTEMS,   ESPECIALLY   NERVE 

RALPH  S.  LILLIE 
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Woods  Hole,  Mass. 

The  general  problem  of  the  conditions  determining  the  transmission 
of  physiological  influence  and  control  in  organisms  is  one  of  fundamental 
interest,  since  it  is  evident  that  the  living  system  can  develop,  function 
and  react  as  a  whole,  i.e.,  in  the  unified  or  integrated  manner  essential 
to  survival,  only  in  so  far  as  physiological  processes  in  any  one  region 
occur  in  correlation  with,  or  in  adjustment  to,  processes  in  other  regions 
or  in  the  external  environment.  Each  cell,  and  in  a  larger  sense  each 
individual  organism,  constitutes  a  single  self-regulating  system,  the 
various  separate  activities  of  which  mutually  influence  and  control  one 
another;  normally  the  metabolic,  formative  and  functional  processes 
are  so  coordinated  as  to  secure  a  definite  and  constant  unity  of  structure 
and  activitj'  in  the  whole  organism.  This  unity  is  apparent  at  all 
stages  of  development,  although  it  exhibits  itself  in  its  most  striking 
form  in  the  integi-ation  of  function  and  response  characteristic  of  the 
free-living  adult.  Obviously  any  such  functional  integration  implies 
a  ready  transmission  of  influence  between  the  different  parts  of  the 
living  system.  In  multicellular  organisms  we  now  recognize  two  quali- 
tatively distinct  types  of  such  transmission  (1).  The  first  depends 
upon  the  transport  of  definite  chemical  substances  from  region  to  region, 
usually  in  the  circulation;  those  substances,  through  their  special 
influence  on  metabolism  or  physiological  activity,  control  processes  at 
a  distance  from  their  origin  (hormone  influence;  influence  of  the  trans- 
portative  type  (2)).  But  in  addition  to  this  directly  chemical  type  of 
distance-effect  there  is  a  second,  evidently  of  a  more  fundamental  kind, 
consisting  in  the  rapid  transmission  of  excitatory  and  inhibitory 
influence  by  a  process  which  is  independent  of  direct  material  transfer; 
this  process  is  concerned  in  the  majority  of  responses  to  stimulation 
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and  attains  its  highest  development  in  nervous  transmission.  Motor 
and  sensor}'  reactions,  where  promptness  of  response  is  essential,  are 
especially  subject  to  this  type  of  control.  The  term  "protoplasmic 
transmission"  (3)  seems  a  satisfactory-  designation,  since  continuity  of 
living  protoplasm — or  at  least  close  contact  between  the  protoplasmic 
structures  intervening  between  the  stimulated  and  the  responding 
areas — seems  necessarj'.  Evidently  some  physiological  change  in  the 
living  protoplasm  forms  the  vehicle  of  such  transmissions. 

It  is  with  this  second  type  of  transmission  that  the  present  article 
is  more  immediately  concerned.  In  general,  living  "irritable"  proto- 
plasm is  so  constituted  that  the  physiological  effects  produced  bj'  local 
alteration  are  transmitted  more  or  less  rapidly  to  other  regions.  All 
such  effects  must  have  a  chemical  basis.  In  seeking  for  inorganic 
analogies,  therefore,  a  natural  comparison  is  with  the  "chemical  dis- 
tance-action" (4)  well  known  in  polyphasic  systems  of  a  certain  well- 
defined  type  of  constitution.  Protoplasm  represents  a  reaction-system 
in  which  the  reacting  materials  are  chiefly  in  aqueous  solution.  It  is 
well  knowTi  that  a  chemical  reaction  in  one  region  of  a  solution  may 
influence  another  reaction  at  a  distant  region  of  the  same  solution, 
without  any  material  transfer  between  the  two  regions,  provided  both 
reactions  occur  at  the  surface  of  some  electrically  conducting  phase 
(e.g.,  metal)  which  forms  with  the  solution  a  complete  electrical  circuit. 
In  any  batterj'  the  two  electrodes  together  with  the  connecting  wire 
represent  such  a  conducting  phase;  in  this  case  the  rate  of  chemical 
action  at  the  anode  is  controlled  In'  that  at  the  cathode  in  the  definite 
manner  prescribed  by  Faraday's  law.  In  general,  in  any  system  having 
the  essential  constitution  of  a  battery,  viz.,  metal  (or  other  continuous 
conducting  pha.se)  in  contact  with  an  electrolyte  solution,  and  witii 
some  a.symmetry  of  composition  or  concentration  at  two  regions  of  the 
contact-surface,  chemical  influence  is  transmitted  instantaneously 
between  the  two  regions.  The  essential  condition  for  this  transmission 
is  the  flow  of  electricity  around  the  circuit.  The  electrics  current  can 
pa«H  Iwtwpcn  solution  and  electrode  only  in  association  with  chemical 
reactionH,  which  are  dp|MMident  on  the  transfer  of  electrons  between  the 
two  pha«eH.  Since  the  flirection  of  this  electron  transfer,  relatively  to 
the  W)lution,  differn  at  the  two  electrode  areas,  the  reactions  there 
occurring  exhibit,  in  addition  to  the  intenle|H'ndence  just  defined,  a 
Tr.cipritaility  in  their  general  chemical  character;  i.e.,  oxidation  at  the 
ano<|e  iH  a«jwK*iated  with  reduction  at  the  cathode.  These  consijlerations 
also  explain  why  the  reactions  wrv  confined  to  the  hxyvv  of  molecules 
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adjoining  the  interface,  and  do  not  occur  in  the  body  of  the  solution 
or  of  the  metal. 

The  protoplasmic  transmissions  are  examples  of  a  process  which  may 
be  called  "physiological  distance-action,"  and  in  fact  various  signifi- 
cant analogies  with  chemical  distance-action  are  apparent,  e.g.,  rapidity 
of  transmission,  frequent  reciprocality  of  effect  in  the  two  regions 
influencing  each  other,  susceptibility  to  electrical  influence.  Such 
resemblances  suggest  that  the  essential  determining  conditions  in  the 
chemical  and  in  the  physiological  forms  of  distance-action  are  identical 
and  depend  on  certain  fundamental  similarities  of  physico-chemical 
constitution  in  the  two  types  of  system  under  comparison. 

What  we  observe  in  living  organisms  is  that  variations  of  physio- 
logical activity  in  certain  regions — implying  variations  in  the  rate  or 
character  of  the  underlining  chemical  or  metabolic  processess — influence 
other  physiological  processes  occurring  at  a  distance  from  the  active 
region.  In  some  cases  this  influence  is  of  an  exciting  or  initiatory  kind 
(stimulation),  in  others  repressive  or  inhibitory  (inhibition).  It  may 
have  reference  to  the  most  fundamental  vital  processes,  such  as  growth, 
or  to  special  activities  of  the  most  varied  nature.  Illustrations  of  these 
different  effects  of  transmitted  influence  are  found  in  all  higher  animals 
and  plants,  and  detailed  enumeration  is  unnecessary. 

A  fundamental  feature  of  this  transmissive  influence  is  the  recipro- 
cality of  action  which  it  often  shows  in  the  two  regions  mutually  affected. 
Acceleration  of  a  physiological  process  in  one  region  is  frequently 
associated  with  its  retardation  or  prevention  in  regions  adjoining.  This 
effect  is  seen  with  especial  clearness  in  growth-processes.  Rapidlj'' 
growing  organs  or  parts  of  animals  and  plants  often  exert  an  inhibitory 
influence  on  the  growth  of  neighboring  parts.  A  well  known  instance 
is  the  influence  of  the  apical  buds  of  seedlings  or  of  growing  branches 
in  repressing  the  growth  of  the  cotyledonary  or  axillary  buds  in  adjoining 
regions.  If  the  apical  buds  are  removed,  or  if  their  growth  is  repressed 
by  cold  or  anesthetization,  the  previously  inhibited  lateral  buds  sprout 
out  (5).  The  growth-inhibiting  influence  thus  rendered  evident  cannot 
be  due  to  the  transport  of  inhibitory  substances  from  the  actively  grow- 
ing zone,  as  once  supposed,  since  it  may  be  prevented  from  acting  by 
conditions  (cold  (6),  anesthetization  (5),  heat-injury  (7))  which  do  not 
interfere  with  the  flow  of  materials  along  the  stem.  In  animals  a 
similar  repressive  influence  is  exerted  by  actively  growing  or  developing 
or  functioning  regions;  this  is  best  illustrated  by  the  phenomena  of 
regeneration,  in  which  the  removal  of  a  part  initiates  growth  and  differ- 
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entiation  in  regions  which  formerly  were  quiescent.  Such  regions  thus 
show  themselves  capable  of  indej^endent  gi'Owi.h  and  differentiation; 
but  apparent  1}'  in  the  intact  organism  these  processes  arie  held  in  check 
by  the  influence  of  the  metabolically  more  active  or  "dominant" 
regions  adjoining;  when  removed  from  this  influence — or  "physiologic- 
ally isolated,''  to  use  Child's  term  (8) — they  proceed  to  grow  and  de- 
velop on  their  own  account.  In  Child's  recent  books  (2),  (8)  these 
phenomena  of  inhibition  and  dominance  in  the  growth  of  animals  are 
discussed  in  detail.  Further  illustrations  of  these  effects  as  seen  in  the 
growth  of  vertebrate  embrj'os  are  to  be  found  in  the  recent  experimental 
studies  of  Bellamy  (9)  and  Stockard  (10).  In  the  Fundulus  egg  the 
formation  of  one  actively  growing  embryonic  axis  in  the  blastodisc 
normally  prevents  the  development  of  another,  so  that  only  a  single 
embryo  is  formed  from  each  egg;  but  under  certain  abnormal  conditions 
(e.g.,  cold)  two  such  embrj'onic  axes  may  begin  growth;  if  these  are 
equal  in  vigor,  twinning  may  result;  but  if  one  happens  to  exceed  the 
other  in  this  respect,  it  exerts  upon  the  latter  an  inhibitory  influence, 
with  failure  of  development  or  regi'ession  as  a  result  (10). 

According  to  Stockard  (10),  the  normal  sequence  of  growth  and 
development  in  the  different  parts  of  the  embryo  is  determined  largely 
by  influences  of  this  kind.  Active  proliferation  in  one  embryonic  area 
prevents  this  process  in  other  areas;  when  the  period  of  most  active 
gro^lh  in  one  region  is  passed,  another  region  is  released  from  this 
restraint  and  passes  through  its  own  cycle  of  rapid  growth,  and  so  on 
in  turn.  In  Loeb's  extensive  studies  of  the  growth  and  regeneration 
of  the  plant  Brj'ophyllum  from  detached  leaves  and  stems  (11)  he 
describes  how  the  growth  of  buds  on  a  pioco  of  stem  inhibits  the  growth 
of  roots  from  a  leaf  attached  to  the  same  stem;  he  cites  various  instances 
of  reciprocal  influence  l>etween  the  growth  of  different  organs  and  in 
general  concludes:  "if  an  organ  a  inliibits  the  regeneration  or  gro\vth 
of  an  organ  6,  the  organ  6  often  accelerates  and  favors  the  regeneration 
in  a"  (11;  cf.  1915,  p.  270).  Such  reciprocniity  is  seen  not  only  in  the 
phenomena  of  growth,  but  is  esjx'cially  evident  in  the  normal  functioning 
of  the  central  nervous  system  in  higher  animals,  where  the  activity  of 
any  motor  group  of  neurons  represst's  that  of  the  antagonist  group 
(1).  Thia  normal  or  physiological  type  of  reciprocal  influence  has  an 
interesting  correspondence  with  the  reciprocality  exhibited  in  the  effects 
produced  at  anode  and  cathode  when  a  constant  current  is  passed 
through  an  irritable  living  tissue  or  organism  (polar  stimulation  and 
inhibition,  clcctrotonus,  galvanotropism),  and  in  all  probability  has  the 
same  cfwential  basis. 
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Examples  of  the  transmission  of  inhibitory  or  excitatory  influence  to 
a  distance  without  evidence  of  reciprocal  effects  are  also  frequent.  In 
many  animals,  both  vertebrate  and  invertebrate,  impulses  entering  the 
heart  through  certain  nerves  (cardio-inhibitory)  check  or  arrest  the 
action  of  this  organ.  The  propagation  of  excitatory  influence  is  a  more 
frequently  observed  phenomenon.  In  plants  Darwin  first  showed  that 
stimulation  of  the  root-tip,  by  light  or  otherwise,  modified  growth  higher 
up  the  stem,  and  many  similar  instances  are  now  known;  and  in  all 
animals  from  protozoa  to  vertebrata  certain  forms  of  local  stimulation 
are  observed  to  initiate,  accelerate  or  modify  physiological  processes 
(motor,  secretory,  etc.)  at  a  distance  from  the  region  directly  stimulated. 
In  such  cases'  the  functional  or  responding  (effector)  region  is  connected 
with  the  stimulated  (or  receptor)  region  by  protoplasmic  tracts,  dif- 
ferentiated as  nerves  in  higher  animals;  these  conduct  or  transmit  the 
excitatory  influence  in  the  form  of  waves  of  chemical  and  physical 
alteration  travelling  at  moderate  velocities^  These  velocities  are 
highly  variable  in  different  orgaSsms^and  tissues,  ranging  from  a  few 
centimeters  per  second  or  less  to  maxima  of  about  100  meters  per 
second  in  the  motor  nerves  of  warm-blooded  vertebrates.^ 

Transmissions  of  this  type  form  the  chief  subject  of  consideration  in 
the  present  article.  The  essential  problem  has  reference  to  the  general 
physico-chemical  nature  of  such  transmissions,  as  they  occur  in  all 
irritable  and  conductive  forms  of  protoplasm,  rather  than  to  the  special 
conditions  prevailing  in  single  tissues  like  nerve.  The  irritable  living 
substance,  wherever  found,  must  have  such  a  constitution  that  trans- 
mission of  chemical  or  metabolic  influence  to  a  distance  is  a  constant 
feature  of  its  activity.  Hence  the  problem  of  the  essential  nature  of 
protoplasmic  structure  or  organization  is  intimately  related  to  the 
problem  of  protoplasmic  transmission.  What  kind  of  structure  must 
any  reaction-system  have  in  order  to  be  able  to  transmit  chemical 
effects  to  a  distance  in  the  above  manner?  This  question  leads  to  a 
consideration  of  inorganic  systems  which  exhibit  similar  powers  of 
transmission,  and  to  a  comparison  of  such  systems  with  living  systems, 
with  a  view  to  ascertaining  what  fundamental  features  of  structure  or 
composition  the  two  types  have  in  common. 

1  In  the  motor  nerves  of  different  animals  there  is  a  direct  correlation  between 
the  velocity  of  transmission  in  a  nerve  and  the  rate  of  contraction  of  the  muscle 
which  it  innervates  (12).  Data  on  velocities  are  given  in  many  textbooks.  CJ. 
Piper  (13)  for  the  special  conditions  in  mammalian  nerve,  Keith  Lucas  (14)  for 
frog's  nerve. 
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A  simple  example  of  physico-chemical  distance-action  which  bears 
many  suggestive  resemblances  to  the  reciprocally  acting  type  of  physio- 
logical distance-action  is  seen  in  the  formation  of  precipitation-structures 
from  metals  immersed  in  solutions  of  salts  the  anions  of  which  form 
insoluble  salts  with  the  metal  (ferro-  and  ferricyanides,  carbonates, 
hydrates,  etc.)  (15).  These  effects  are  well  shown  in  a  combination  of 
the  two  metals,  iron  and  zinc,  in  an  appropriate  solution  of  potassium 
ferricyanide.  ^^^len  a  strip  of  zinc  foil  and  a  small  length  of  iron  wire 
are  placed  separately  in  a  watch  glass  containing  this  solution  (4  per 
cent  KaFeCye  plus  0.5  per  cent  NaCl,  dissolved  in  dilute  egg-white  or 
gelatine  to  furnish  a  protective  colloid),  each  metal  reacts  characteris- 
tically. A  precipitate  of  ferrous  ferricyanide  is  rapidly  formed  from  the 
surface  of  the  iron;  this  precipitate  is  deposited  chiefly  in  the  form  of 
slender  blue-green  filaments  and  tubules  which  elongate  rapidly  and 
soon  assume  a  highly  characteristic  hypha-like  appearance;  within  a 
few  minutes  the  wire  is  covered  with  a  dense  growth  of  these  precipi- 
tation-filaments, some  of  which  may  grow  later  to  a  length  of  several 
centimeters.  The  zinc  reacts  with  the  solution  more  slowlj'^,  and  even 
after  some  hours  usually  shows  only  a  few  scattered  vesicles  or  filaments 
of  zinc  ferricN'anide.  If,  however,  the  metals  are  allowed  to  react  while 
in  contact  with  each  other,  e.^i.,  with  a  strip  of  zinc  an  inch  long  attached 
at  one  end  to  an  iron  wire  of  similar  length,  the  reaction  of  both  metals 
is  altered  in  a  striking  manner.  The  formation  of  filaments  from  the 
iron  is  completely  prevented,  while  their  formation  from  tiie  zinc  is 
markedly  accelerated;  within  an  hour  the  zinc  is  covered  with  a  charac- 
teristic growth  of  vesicular  and  tubular  precipitation-structures,  while 
the  iron  remains  bright  and  bare  jus  at  first.  If  now  the  iron  wire  is 
aevered  with  a  pair  of  scissors,  the  detached  piece  instantly  begins  to 
form  filaments,  while  the  still  attached  part  renjains  unclianged.  From 
tJuH  Kiniple  exjxriment  it  apjx'ars  that  the  reaction  of  tlu^  iron  is  pre- 
ventinl  only  while  it  is  in  metallic  connection  with  the  zinc;  one  might 
express  the  facts — using  physiological  language — by  saying  tiiat  the 
zinc  "inhibits"  the  growth  of  filaments  from  the  iron,  while  the  iron 
"promotes"  growth  from  the  zinc.  Each  metal  thus  exerts  through 
its  contact  an  infiiienc*'  which  modifies  the  chemical  processes  at  the 
mirfacc  of  the  other  metal,  and  in  a  characteristically  rccipnxtal  manner. 
This  influence  is  well  marked  for  n  ilistance  of  several  c(»ntimeters  from 
the  metallic  junction;  its  inti'UHily  derreaHes  progressively  with  increase 
in  the  <liMtHnce  from  the  contact,  and  Ix-yond  a  c(>rtain  distance  the 
cfTect  Ix'comes  inappreciable.     Such  a  gradient  of  chemical  inrtuence 
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is  comparable  with  the  gradient  of  physiological  influence  or  growth- 
inhibiting  ''dominance"  seen  in  developing  or  regenerating  planarians 
and  other  animals  (2),  (6),  (16). 

The  explanation  of  these  chemical  transmissions  or  distance-effects 
in  combinations  of  metals  is  simple.  Zinc  and  iron,  in  contact  with 
each  other  and  with  the  electrolyte  solution,  form  an  electrical  couple 
in  which,  because  of  its  higher  electrolytic  solution-tension,  the  zinc  is 
anode,  while  the  iron  is  cathode.  The  direction  of  flow  of  the  electric 
current  (positive  stream)  is  thus  from  zinc  to  solution  and  from  solution 
to  iron;  hence  the  passage  of  the  zinc  ions  into  solution  is  promoted 
and  that  of  the  iron  ions  is  hindered;  this  is  especially  the  case  where 
the  current  intensity  is  greatest,  near  the  junction  of  the  two  metals. 
Any  metal  with  a  lower  solution-tension  than  zinc  (Cu,  Ag,  Pt,  Pb,  Hg, 
etc.)  resembles  iron  in  its  power  of  promoting  precipitate-formation 
from  zinc;  conversely  the  contact  of  metals  of  higher  solution-tension 
than  iron  (Zn,  Mn,  Mg,  Cd,  etc.)  inhibits  the  formation  of  filaments 
from  the  latter  metal.  The  precipitate  is  simply  an  indicator  of  the 
passage  of  the  metallic  ions  into  solution;  incidentally  it  is  built  up  to 
form  a  definite  type  of  filamentous  or  vesicular  structure  characteristic 
for  each  metal.  The  rate  of  the  reaction  and  the  distance  through 
which  the  chemical  influence  is  perceptible  depend  essentially  on  two 
factors,  (a)  the  potential-difference  between  the  two  metals,  and  (6) 
the  electrical  resistance  of  the  solution.  Obviously  the  intensity  of 
the  current  passing  between  metal  and  solution  at  any  point  on  the 
surface  of  either  metal  must  fall  off  progressively  with  increase  in  the 
distance  from  the  contact  of  the  two  metals,  since  the  electrical  resist- 
ance of  the  circuit  which  includes  the  point  considered  depends  chiefly 
on  the  length  of  the  column  of  solution  between  that  point  and  the 
metallic  junction.  Hence  near  the  junction  the  nmtual  influence  of 
the  two  metals  is  greatest,  and  beyond  a  certain  distance  it  ceases  to 
be  perceptible.  Both  the  transmission  of  the  chemical  influence  to  a 
distance  and  the  existence  of  a  gradient  of  such  influence  are  thus 
directly  dependent  on  the  electrical  nature  of  the  chief  factors. 

It  appears  probable  that  certain  forms  of  physiological  distance- 
action,  especially  the  growth-inhibiting  and  other  reciprocally  acting 
influences  cited  above,  are  to  be  referred  to  general  conditions  of  the 
kind  just  described.  Electrical  potential-differences  have  long  been 
known  to  exist  between  actively  growing  regions  and  the  less  active 
regions  (17);  hence  currents  must  flow  in  definite  directions  through  the 
growing  organism  (18);  and  it  is  also  known  from  the  facts  of  galvano- 
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tropism  that  electric  currents  influence  growth.  According  to  the 
present  hypothesis,  those  cases  where  there  exists  a  well-defined  gradient 
of  growth-determining  influence  fall  in  the  general  category  of  effects 
illustrating  the  influence  of  the  electric  current  on  growth.  Already 
there  is  much  evidence  indicating  that  in  general  actively  growing  or 
regenerating  regions  of  an  organism  are  negative  (like  physiologically 
active  regions  in  other  tissues)  relatively  to  quiescent  regions  (19),  (20), 
(21);  i.e.y  the  direction  of  the  bioelectric  ''growth  currents"  (positive 
stream)  is  from  medium  to  living  protoplasm  in  the  growing  regions  and 
from  protoplasm  to  medium  in  the  adjoining  quiescent  regions.  In  these 
two  regions  the  currents  have  opposite  directions  relatively  to  the 
cell-surfaces;  and  to  tliis  difference  of  direction  must  correspond  a 
difference  in  the  influence  on  growth,  since  the  constant  current  always 
exhibits  polarity  in  its  phj-^siological  action.  This  is  presumably  the 
basis  of  the  reciprocalitj-  described  above.  Whether  the  conditions  of 
local  current-intensitj',  resistance,  and  susceptibility  to  weak  currents 
correspond  to  the  requirements  of  the  above  theoretical  conceptions  in 
all  details  can  be  determined  onlj'  bj'  future  experiment.  At  the  pres- 
ent time  further  and  more  exact  work  on  the  effects  of  the  electric 
current  on  gro^^'th  is  much  to  be  desired.'* 

Transmissions  by  means  of  the  direct  influence  of  bioelectric  currents, 
(exerted  under  conditions  similar  to  those  of  the  above  metallic  models, 
I.e.,  where  the  intensity  of  the  transmitted  eff(u*t  necessarily  decreases 
with  distance  from  the  physiologically  active  or  dominant  n^gion,  can- 
not, however,  form  the  basis  of  the  rapid  forms  of  excitation  and  trans- 
mission exhibited  in  nervous  and  muscular  action.  In  nerve  especially 
the  transinittcd^influence  shows  no  decrease  in  intensity  as  the  dis- 
tance from  its  origin  increases;  this  is  shown  clearly  by  the  case  of 
"trapped  waves"  in  rings  of  medusa  tissue  (22).  A  self-propagatiiig 
wave  of  excitation,  associated  with  a  local  bioelectric  circuit,  passes 
along  the  conducting  tissue  and  arouses  physiological  activity  at  all 
points  along  its  path  and  in  the  terminal  organ  (phenomena  of  conduc- 
tion and  innervation).     Yet  here  again  simple   types  of   inorganic 

**  While  the  present  review  ia  in  proof,  an  oxi)crinionial  study  by  Lund  (00) 
on  the  electrical  control  of  regeneration  in  the  cut  ntcniH  nf  the  hydmid  Obdia 
is  Announced  im  about  to  appear  in  the  Journal  of  Kxi)oriin(U)tul  ZoOlo^. 
The  formation  of  new  hydrantha  is  promoted  where  the  ponitivo  Htroiun  of  a 
weak  current  enters  the  out  end  of  the  ntcrn,  and  inhibited  where  il.  k<:iv(>s. 
Srm  Ingvar  (100)  has  recently  obtained  polar  direct ivo  eiTeriH  of  a  nituihir 
kind  io  StudjiDR  thn  influonre  of  weak  conntant  currenlH  on  the  outKrovvtIi  of 
the  procewes  In  oinbryonic  norvo>colls. 
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process  are  known  which  simulate  this  second  form  of  protoplasmic 
transmission  in  many  of  its  most  characteristic  details. 

Nervous  transmission  is  the  physiological  type-phenomenon  of  this 
class.  In  all  such  phenomena  the  essential  effect  is  the  spreading  of 
a  certain  active~state  (23) ;  this  state  is  initiated  by  some  Jocal  change 
caused  usually  by  some  external  agent  or  "stimulus".  We  may  thus 
distinguish  between  (a)  the  local  effect  produced  by  the  stimulating 
agent  at  its  point  of  application  and  (6)  the  physical  or  chemical  dis- 
turbance there  set  up  which  is  propagated  to  a  diistance  (conducted 
effect)  (24).  This  "propagated  disturbance "^  (activation-wave,  nerve- 
impulse,  etc.)  has  the  property  of  altering  physiological  activity  wher- 
ever it  extends,  e.g.,  of  stimulating  or  inhibiting  activity  in  the  terminal 
organ.  The  essential  problems  therefore  are :  why  it  should  be  prop- 
agated, or  spread  from  region  to  region  along  the  conducting  tissue, 
and  why  it  should  initiate  or  alter  physiological  activity  in  the  same 
tissue  or  in  another  tissue  {e.g.,  muscle)  to  which  it  is  transmitted. 

There  are  also  forms  of  transmission — apparently  intermediate 
between  the  two  types  above  distinguished — in  which  a  conducted 
influence  is  transmitted  through  an  often  considerable  distance,  but 
with  a  progressive  decrease  in  "intensity"  or  physiological  effectiveness 
as  it  travels.  This  is  the  case  of  "conduction  with  decrement"  (25). 
Certain  normal  types  of  physiological  gradient  seem  to  depend  on  trans- 
mission of  this  kind,  as  indicated  by  the  fact  that  the  influence  may  be 
intercepted  by  cold  or  anesthetization  (5),  (6).  In  the  central  nervous 
system  it  appears  to  play  an  important  part  (14);  thus  the  penetration 
of  the  impulses  determining  sensory  impressions,  association  processes, 
or  reflexes  in  the  brain  or  spinal  cord  is  limited  and  varies  with  the 
physiological  state  (sleep,  fatigue,  etc.)  This  decrement  type  of  con- 
duction can  be  artifically  induced  in  nerve  or  muscle  by  cold,  fatigue 
or  anesthesia.  For  example,  an  impulse  initiated  in_ajiQrmal  region 
of  a  nerve  penetrates  at  a  lessened  velocity  for  a  certain  distance  along 
an  anesthetized  stretch,  but  is  eventually  extinguished  if  the  latter  is 
of  sufficient  length;  if,  however,  the  impulse  succeeds  in  traversing  this 
"region  of  decrement"  and  emerges  into  the  normal  region  beyond,  it 
there  regains  its  original  velocity,  amplitude  and  other  properties  (26) 
(see  below,  p.  30),  If  "intensity"  is  measured  by  the  ability  to  pene- 
trate a  region  of  known  decrement,  as  Lucas  has  proposed  (14),  it  is 

*  Keith  Lucas'  term;  for  the  experimental  basis  of  the  distinction  between 
local  and  propagated  effects  cf.  Lucas  and  Adrian  (24a), 


10  RALPH   S.    LILLIE 

evident  that  this  property  progressively  decreases  as  the  impulse  travels 
along  such  a  region. 

In  an3'  transmission  without  decrement,  such  as  we  find  in  a  normal 
motor  nerve,  the  process  occurring  at  any  stimulated  region  of  the 
transmitting  element  initiates  in  adjoining  regions  a  process  which  is 
similar  quahtatively  and  quantitatively  to  that  at  the  original  region; 
and  each  region  thus  secondarily  activated  influences  the  region  bej'ond 
in  the  same  manner.  In  a  uniformly  constituted  elongated  element  of 
this  type  propagation  for  an  indefinite  distance  at  a  uniform  speed  is 
to  be  expected;  this  corresponds  to  what  we  observe  in  nerve.  Con- 
ditions of  an  analogous  kind  are  seen  in  the  transmission  of  a  wave  of 
combustion  along  a  fuse;  at  any  instant  there  exists  for  a  certain  dis- 
tsince  in  advance  of  the  burning  region  a  certain  gradient  of  tempera- 
ture; within  a  portion  of  this  gradient  the  temperature  is  above  the 
ignition-temperature;  and  the  speed  of  travel  depends  on  this  critical 
distance  and  on  the  rate  at  which  the  heat-generating  reaction  proceeds 
(i.e.,  on  the  local  reaction-velocity).  In  the  case  of  the  conducting 
protoplasmic  element  the  transmission  from  the  active  to  the  adjoining 
resting  region  is  apparently  a  result  not  of  the  establishment  of  a  dif- 
ference of  temperature,  but  of  a  difference  of  electrical  potential.  In 
other  respects,  however,  the  analogy  isan  instructive  one.  According  to 
the  present  conception,  up  to  a  certain  distance  in  advance  of  the  active 
region  (/24,  fig.  1)  the  current  of  the  local  active-resting  circuit  is  suffi- 
ciently intense  to  cause  secondary  electrical  excitation ;  the  length,  s,  of 
this  critical  distance,  and  the  rate,  r,  at  which  the  variation  of  potential 
rises  to  its  maxinmm  in  the  active  region  (a  measure  of  the  local  reaction- 
velocity)  determine  the  speed  of  propagation,  P.  Expressed  alge- 
braically, /'=  Km,  or  P  '^  Ks/t,  K  Innng  a  proportionality-factor  and 
/  the  time  occupied  by  the  variation  of  potential  (27).  There  exists 
in  fact  a  rloHo  profKJrtionality  Ix^tween  the  rate  at  which  the  bio-electric 
variation  rises  to  its  maximum  in  <lifferent  conducting  tissues  and  the 
rate  of  transmiHsion  of  the  excitation-wave  (28). 

Inorganic  syHtemH  exhibiting  this  form  of  transmission,  i.e.,  trans- 
ini  —  iori  by  means  of  the  electrochemical  eff(»cts  produced  near  the 
l><»iindary  Ix-tween  allered  and  unalt('n>d  regions,  are  well  known,  and 
UMually  consist  of  oxidi/able  metals  immersed  in  <'lectrolyte  solulions 
containing  an  oxidizing  ag(>nt  which  acts  (>nergetically  enough  to  form 
v^  u  continuous  film  of  oxidation-product  over  tlu^  whole  Kurfacc;  of  the 
metal.  Mercury  in  hyclrogrrj  ix-roxicU*  (29)  and  passive  metals, 
especially  iron,  in  strongly  oxidising  solutions  like  nitric  acid  are  tho 
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best  known  examples  (30).  The  spreading  action  depends  upon  the 
formation  of  local  circuits  between  the  film-cOvered  and  the  free  metallic 
surfaces;  through  the  electrolytic  action  of  these  circuits  the  film  is 
locally  removed;  and  this  effect  is  automatically  self-propagating,  since 
wherever  film-covered  and  free  metallic  surfaces  adjoin  each  other  a 
similar  circuit  is  formed  and  the  effect  is  repeated.  That  phenomena  of 
this  type  exhibit  in  many  cases  remarkably  close  analogies  to  physio- 
logical processes  (in  rhythm,  automaticity,  conduction,  etc.)  has  been 
recognized  by  a  number  of  investigators.  Bredig  and  his  students  have 
investigated  the  conditions  in  the  Hg-H202  system  (31),  although 
without  special  reference  to  the  problem  of  protoplasmic  transmission; 
and  the  transmission  of  the  activation-wave  over  the  surface  of  passive 
iron  in  nitric  acid— a  phenomenon  with  especially  striking  physiological 
analogies — has  been  compared  to  nervous  transmission  by  Ostwald  (32), 
Heathcote  (32)  and  others  (33). 

Recently  I  have  studied  in  some  detail  (3),  (33)  the  analogies  of  this 
phenomenon  to  protoplasmic  transmission  of  the  nervous  type,  and 
have  endeavored  to  account  for  the  above  similarities  on  the  basis  of 
the  fundamental  features  of  structure  and  activity  possessed  in  common 
by  all  polyphasic  systems  having  thin  chemically  alterable  interfacial 
films  (34).  The  presence  of  films  deposited  at  the  interphase  surfaces 
determines  the  properties  of  many  such  systems,  e.g.,  the  stability  and 
physical  consistency  of  emulsions  and  certain  types  of  gel.'  Local  varia- 
tions in  the  chemical  composition,  permeability  or  other  properties  of 
these  films  should  theoretically  give  rise  to  potential  differences  between 
adjacent  areas;  and  under  certain  conditions  it  is  conceivable  that  local 
electric  currents  may  thus  arise  which  secondarily  may  influence 
chemical  processes  in  the  system.  Since  living  protoplasm  is  in  fact 
a  film-partitioned  system,  and  since  many  irritable  cells  are  Icnown  to 
be  bounded  from  their  media  by  semi-permeable  membranes  whose 
composition  and  properties  vary  with  the  physiological  state  of  the  cell, 
it  is  perhaps  not  surprising  that  protoplasmic  systems  should  exhibit 
transmission-phenomena  of  a  type  closely  similar  to  those  found  in 
film-covered  metallic  systems  such  as  passive  iron  in  nitric  acid. 

The  phenomena  of  passivity  in  metals  are  well  known  (30),  and  only 
a  brief  account  of  the  more  relevant  facts  need  be  given  here.  An  iron 
wire  dipped  in  strong  nitric  acid  or  other  suitable  oxidising  agent  and 
then  transferred  to  weaker  acid  (sp.  gr.  1.20,  in  which  the  normal  or 

'  For  the  structure  and  properties  of  emulsions  and  related  systems  cf.  the 
very  full  review  of  W.  D.  Bancroft,  The  Theory  of  Emulsification  (35). 
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"active"  metal  dissolves  rapidly)  shows  no  reaction;  the  metal  is  in 
the  so  called  ''passive"  state,  but  it  may  be  made  to  react  (or  "acti- 
vated") by  touching  with  ordinary  active  iron  or  other  base  metal, 
or  by  mechanical  means  (bending,  scraping  with  glass,  etc.).  The 
reaction,  which  is  accompanied  by  effervescence  and  the  production 
of  dark-colored  lower  oxide,  then  sweeps  over  the  whole  surface  of  the 
metal,  at  a  rate  which  varies  with  the  conditions  but  may  attain  some 
hundred  centimeters  per  second,  a  velocity  of  the  same  order  as  rapid 
protoplasmic  transmissions.  Of  especial  interest  from  the  phj'-siological 
standpoint  is  the  fact  that  in  HNO3  of  more  than  a  certain  concentra- 
tion (sp.  gr.  ca.  1.24)  the  reaction  is  temporary,  the  metal  reverting 
spontaneous!)'  to  the  passive  state;  after  an  interval — more  or  less 
prolonged  according  to  the  concentration  of  acid — during  which  reacti- 
vation is  difficult  or  partial  (because  of  imperfect  transmission)  the 
metal  can  be  reactivated  as  before  (37). 

It  is  now  generally  agreed  that  passivity  is  due  to  the  presence  of  a 
thin,  coherent  and  impermeable  surface-layer  of  oxidation-product 
(probabl)'  higher  oxide),  and  that  during  activation  this  layer  is  removed 
by  electrochemical  reduction  near  the  boundary  between  the  active  and 
the  passive  regions.  Any  region  of  a  passive  wire  may  be  made  locally 
active  by  removing  or  interrupting  the  passivating  film,  mechanically, 
chemically  or  other\vise.  Such  an  active  region  represents  the  anode  of 
the  local  couple  thus  formed;  at  the  adjoining  still  passive  or  cathodal 
area  the  surface-film  is  reduced  and  disintegrated;  this  region  then 
lK»come8  active  in  its  turn,  i.e.,  anodal,  and  the  same  sequence  of  effects 
is  repeated  at  the  regions  beyond.  Hence  a  wave-like  spread  of  activity 
over  the  whole  surface  follows  any  sufficient  local  alteration.  Wherever 
the  surface-film  is  removed,  interrupted  or  rendered  permeable,  the  metal 
at  once  reacts  with  the  acid.  In  repa.ssivation  the  film  is  restored  and 
the  reaction  ceases.  The  reason  why  this  repassivatiiig  reaction  occurs 
automatically  in  strong  HNOj  is  that  each  region  as  it  becomes  active 
becomes  also  anodal,  and  is  hence  subjected  to  the  anodal  oxidizing 
influence,  in  addition  to  that  exercised  by  the  IINOa  itself.  In  general, 
the  vnr:  *'  in  the  reaction  of  \\\v  metal  with  the  acid  thus  depend 
on  vail  Hi  tlu*  filni-Htructure  of  the  system  (33).     Under  certain 

conditions  these  variations  arc  rhytlunical,  and  the  film  undergoes 
regular  and  automatic  alternate  formation  and  dis.solution,  giving  rise 
to  a  rhythm  of  remtion  rrsfiubling  in  its  time-relations  and  other 
features  physiological  rhythms  like  tluit  of  the  heart-beat..  A  similar 
rhythm  iH  shown  by  mercury  in  IliOf  (31). 
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The  essential  features  exhibited  in  common  by  transmission  in  passive 
iron  and  in  nerve  (or  similar  protoplasmic  systems)  may  be  summarized 
as  follows.  1,  A  local  or  initiatory  process  may  be  distinguished  from 
a  propagated  disturbance  or  wave  of  reaction.  Local  alterations  of 
various  kinds,  mechanical,  chemical  or  electrical,  may  initiate  an 
activation- wave  in  either  system;  once  initiated  its  propagation  is 
automatic  and  determined  by  the  state  of  the  transmitting  wire  or 
filament  and  of  the  adjoining  solution.  The  "all  or  none"  character 
of  the  reaction  in  readily  transmitting  metallic  or  protoplasmic  systems 
is  thus  explained.  2,  The  local  reaction  accompanying  the  passage  of 
the  reaction-wave  is  automatically  reversible,  but  there  is  always  a 
certain  delay  (called  "refractory  period"  in  the  living  system)  before 
the  system  returns  to  its  original  irritable  and  conductive  state.  (In 
the  passive  metal  this  interval  is  that  required  for  the  formation  of  a 
surface-film  with  the  original  properties  (33).)  S,  In  a  uniform  nerve 
fiber  or  passive  iron  wire  the  activation-wave  shows  the  same  characters 
at  all  points  along  its  path.  It  is  assQdated  with^  variation  of  electrical 
potential,  and  with  a  temporary  loss  of  continuity  or  breakdown  (in- 
crease of  permeability)  in  a  surface-film  of  chemically  alterable  material. 
This  latter  change  is  demonstrable  in  passive  iron  and  in  certain  slowly 
conducting  protoplasmic  systems  {e.g.,  echinoderm  egg-cells  during  the 
fertilization-reaction  (36)),  but  in  nerve  the  evidence  for  its  existence 
is  indirect.  4,  The  propagation-velocities  in  both  systems  are  of  the 
same  order  (ranging  from  a  few  centimeters  to  some  meters  per  second), 
and  exhibit  a  high  temperature  coefficient  (of  the  order  of  Qio  =  2). 
6,  In  both  systems  the  activation-wave  may  be  retarded  or  blocked  by 
certain  forms  of  chemical  or  electrical  influence,  e.g.,  electrical  polari- 
zation (anelectrotonus  in  the  living  system,  anodal  polarization  in  the 
passive  iron  system  (37,  p.  136))  or  chemical  alteration  {e.g.,  narcosis 
in  the  living  system).  6',  Interruption  of  metallic  or  protoplasmic 
continuity  prevents  the  passage  of  the  wave,  but  activation  may  be 
transmitted  by  contact.  This  is  shown  in  the  living  system  by  certain 
structural  features  in  the  arrangements  of  neurones  in  the  central 
nervous  system  (sj-napses,  end-feet),  by  the  characters  of  the  motor 
end-plates  and  other  nerve  endings,  and  by  the  facts  of  secondary 
stimulation  by  bioelectric  currents  (rheoscopic  nerve-muscle  prepa- 
ration, etc.). 

The  conditions  imder  which  a  local  alteration  ("stimulus"  in  the 
living  system)  initiates  the  activation- wave  also  show  many  close 
parallels  in  the  two  systems.^    The  chief  of  these  are  as  follows:     1, 

*  For  the  condition  in  the  passive  iron  model  c/.  Science,  1918  (33). 
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A  certain  intensitj'  or  degree  of  local  alteration  is  required  ("threshold") ; 
too  slight  a  mechanical  or  electrical  disturbance  will  not  start  a  wave  of 
activation,  although  it  may  produce  a  temporary  local  effect, — shown 
bj^  temporary'  change  of  potential  in  the  wire,  or  by  the  fact  that  in 
both  cases  a  sufficiently  rapid  succession  of  such  subminimal  effects 
will  activate  (37,  p.  134).  2,  A  succession  of  local  mechanical  or 
electrical  "stimuli",  each  of  which  singly  is  inadequate,  will  start  an 
activation-wave  if  the  interval  between  the  stimuli  is  sufficiently  brief 
(summation  effect).^  3,  Activation  by  the  electric  current  is  a  charac- 
teristically "polar"  effect;  the  passive  wire  is  activated  when  it  is  made 
cathode  in  a  circuit,  but  not  when  it  is  made  anode;  in  the  latter  case 
activation  by  another  agent  {e.g.,  mechanical)  is  rendered  more  dif- 
ficult during  the  flow  of  the  current  (37,  p.  136).  In  the  living  system 
the  parallels  are  polar  stimulation  and  polar  inhibition  (or  anelectro- 
tonus).  4,  Too  weak  an  electric  current  will  not  activate,  no  matter 
how  long  it  is  continued  (critical  or  threshold  intensity),  and  a  current 
of  sufficient  intensity  for  activation  must  flow  for  more  than  a  certain 
time  in  order  to  produce  its  effect  (39).  5,  A  current  rising  too  gradu- 
ally from  subminimal  to  a  sufficient  intensity  will  not  cause  activation ; 
i.e.,  more  than  a  certain  critical  rate  of  change  is  required  in  the  acti- 
vating current  (40)7~ 

Conditions  2,  4  and  5  show  that  both  types  of  system  have  an  auto- 
matic tendency  to  preserve  a  certain  state — corresponding  to  the 
passive  or  resting  state — and  to  resist  displacement  from  this  equilib- 
rium; the  disturbing  or  activating  condition  must  therefore  act  for 
a  sufficient  time  and  more  rapidly  than  the  automatic  passivating 
counter-changes  in  order  to  bring  the  local  alteration  to  the  level 
required  to  initiate  an  activation-wave." 

Evidently  the  local  alteration  or  stimulus  originates  a  condition  or 
process  which  is  automatically  self-propagating.  The  originating 
external  agency,  e.g.,  a  mechanical  impact,  produces  at  its  point  of 
application  houm?  surface-alteration  which  is  (or  may  be)  quite  different 
from  tin*  propagut<Hl  reaction  which  follows;  its  immediate  olTect, 
however,  appears  in  all  cjisc^-  to  }»<•  the  establishment  of  a  certain  critical 

*A  brief  qtinlitntivo  uccouiiL  of  mechnnicAl  Buiuiiint ir>n  in  the;  puHNivc  iruii 
model  in  given  in  niy  recent  piiper  (37,  p.  134).  .Sutninntidn  cnn  also  euHily  !)c 
wliown  for  electrirnl  artivntion,  uning,  e.g.,  the  rontiwt  of  ii  copjuT  wire  io  |)r(»- 
cjuce  a  brief  locnl  current.  For  nn  exact  Htudy  of  the  Hiiniinatimi-iiiti  rv  il  in 
living  tiiMueiir/.  Keith  LiienM  (38). 

*i'f  Hill  '13)  for  a  diMUNHion  «»f  the  pouMiblr  roiiflitioiiH  in  tlie  living  ii>>.i.-. 
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potential-difference  between  the  region  thus  altered  and  the  unaltered 
region  adjoining.  In  the  metallic  model  the  existence  of  this  effect 
may  be  shown  experimentally  by  activating  mechanically  a  passive 
iron  wire  which  is  immersed  in  HNO3  and  connected  through  a  gal- 
vanometer with  an  indifferent  electrode  (e.g.,  platinum  wire)  immersed 
in  the  same  solution.  An  ineffective  scrape  with  a  glass  slide  causes 
a  slight  temporary  excursion  of  the  instrument,  indicating  a  quickly 
reversed  change  of  potential,  while  an  effective  scrape  or  succession  of 
scrapes  causes  a  larger  excursion  which  is  at  once  followed  by  that 
accompanying  the  full  propagated  reaction  (37,  p.  134).  In  the  living 
system  something  analogous  seems  to  occur;  apparently  with  the  rapid 
establishment  of  the  necessary  P.  D.  between  stimulated  and  non- 
stimulated  areas,  and  hence  of  a  local  bioelectric  current,  the  condition 
for  propagation  arises. 

It  is  a  familiar  fact  that  the  same  irritable  tissue  (e.g.,  nerve)  may  be 
stimulated  by  many  different  agencies,  mechanical,  electrical,  thermal, 
chemical,  osmotic;  i.e.,  all  originate  the  same  self-propagating  state  of 
excitation.  Why  this  should  be  the  case  becomes  clear  on  the  theory 
that  in  all  forms  of  stimulation  the  electrical  factor  is  the  essential. 
Any  sufficient  mechanical,  chemical  or  other  alteration  of  the  cell- 
surface  is  known  to  produce  a  local  electrical  negativity,  as  may  readily 
be  shown  in  muscle  and  nerve;  a  local  bio-electric  current  (injury  current, 
alteration  current)  arises  between  the  altered  region  and  the  unaltered 
regions  beyond.  If  we  assume  that  the  spread  of  the  excitation-state, 
and  with  it  the  stimulation  of  the  irritable  element  as  a  whole,  depends 
primarily  on  the  effect  produced  by  the  local  electric  current  formed  at 
the  original  area  of  stimulation,  the  whole  problem  at  once  assumes 
a  more  definite  as  well  as  simpler  aspect.  It  resolves  itself  into  the 
problem  of  the  conditions  of  electrical  stimulation  in  general.  The 
current  passing  between  the  locally  altered  area  and  the  unaltered  area 
adjoining  initiates  "secondarily"  electrical  excitation  in  the  latter  region; 
and  since  any  excited  region  becomes  also  locally  negative,  a  similar 
current  at  once  arises  between  this  region  and  the  one  immediately 
beyond,  which  is  then  similarly  excited.  By  a  repetition  of  this 
effect  at  each  newly  formed  active-resting  boundary  the  excitation- 
wave  travels  over  the  entire  irritable  element,  and  the  whole  system 
is  activated. 

The  problem  of  electrical  stimulation  can  be  considered  only  briefly 
in  this  article,  which  is  concerned  with  the  general  conditions  of  trans- 
mission rather  than  with  the  special  nature  of  the  local  effect  produced 
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by  the  current.  It  is  now  agreed  that  a  change  in  the  electrical  polari- 
zation of  the  limiting  semi-permeable  boundary-layer  of  the  irritable 
cell  or  element  (protoplasmic  surface-film  or  plasma-membrane)  con- 
stitutes the  primarj'  change  in  electrical  stimulation.  This  theory  has 
been  established  on  a  firm  foundation  by  the  work  of  Nernst  (41)  and 
his  successors,  especially  Lapicque  (42),  Lucas  (39)  and  Hill  (43);  and 
the  quantitative  conditions  of  electrical  excitation  are  considered  in 
detail  in  the  papers  of  these  authors.  The  results  of  this  and  related 
work  have  shown  that  the  current  effects  local  stimulation  1,  when  it 
has  a  definite  direction  relatively  to  the  cell-surface,  such  as  to  effect 
a  diminution  of  the  preexisting  or  physiological  polarization;^  2,  when 
it  has  more  than  a  certain  minimal  (threshold)  intensity;  3,  when  it 
flows  for  more  than  a  certain  minimal  time;  and  4,  rises  to  its  full  inten- 
sity at  more  than  a  certain  rate.  The  essential  condition  for  electrical 
stimulation  is  thus  a  critical  change  of  polarization  (a  depolarization 
(44)),  to  produce  which  requires  a  certain  minimal  intensity,  duration 
and  rate  of  change  in  the  stimulating  current. 

These  latter  conditions  differ  in  a  significant  manner  from  those 
required  to  produce  a  given  change  of  polarization  {i.e.,  to  establish 
a  given  P.D.)  across  a  non-living  partition  set  in  the  path  of  a 
current,  the  case  considered  by  Nernst  (41).  In  this  case  a  weak  or 
slowly  increasing  current,  if  it  lasts  long  enough,  may  produce  the  same 
change  of  polarization  as  a  stronger  current  lasting  for  a  brief  time, 
a  condition  formulated  in  Nemst's  "square  root  law"  (P  =  KiVt).' 
The  difference  Ix^tween  the  dead  and  the  living  system  indiciites  that 
in  the  membranes  of  the  irritable  tissue  processes  are  acting  whose 
general  direction  or  effect  is  such  as  to  oppose  or  compensate  the  proc- 
esses set  in  action  by  the  stimulating  current;  normally  the  effect  of 
these  compensatory  processes  (presumably  processes  of  metal)olic 
construction,  at  least  in  part)  is  to  bring  the  tissue  back  to  the  resting 
state  after  stimulation  and  to  keep  it  in  the  normal  irrit.'ible  state  in 
the  intervals  between  stimulation.  The  stimulating  agency  must  act 
at  a  greater  rate  tluin  these  compensatory  processes,  and  last  long 
enough  to  oflfset  their  effect,  or  no  stimulation  results.'    A  condition 

'Thi«  is  the  noccMory  infcrcnco  from  th(>  luw  of  polar  Htiintilation  (excitation 
at  cathode,  inhibition  at  anode  on  iiiako  of  conHtant  ciirrcnt,  and  vice  verm), 
an  pointed  out  tiy  HriiniriKH  (M). 

•  P  mpnjiMMitii  polnrixutioii  produced,  i  the  intcnnity  and  t  the  durntion  of  i  In- 
iMg  current. 
'     tjipare  the  diacuflNioim  «if  Lapicque  (42J  and  ilili  (13)  on  tlic  naltirc  of  the 
eonditionN  necemitating  a  c«rtain  minimal  rate  of  change  in  the  MtiinulatinK 
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of  this  general  kind  is  found  also  in  the  passive  iron  wire  in  strong 
nitric  acid,  where  the  oxidizing  action  of  the  acid  keeps  the  passivating 
surface-film  continuous  and  automatically  repairs  slight  interruptions 
{i.e.,  those  insufficient  to  start  activation-waves);  the  same  rapidly 
acting  oxidative  process  also  reforms  the  film  after  the  passage  of  an 
activation-wave.  In  this  system  also  a  rapidly  increasing  current  of 
more  than  a  certain  duration  is  required  for  activation;  in  fact  the  above 
four  rules  of  electrical  stimulation  apply  also  to  the  case  of  electrical 
activation  of  passive  metals  (33).   • 

Apparently  any  rapid  local  decrease  of  surface-polarization  (sufficient 
in  range)  causes  stimulation  in  the^typIcSr  iFritable  system  such  as 
muscle  or  nerve.  This  purely  physical  change,  towevef,  is  merely 
the  precursor  or  determinant  of  the  local  stimulation-reaction;  it  is 
not  the  reaction  itself.  The  latter  is  a  physiological  process  dependent, 
like  all  such  processes,  on  chemical  reactions,  and  having  its  own  special 
peculiarities  (rate,  duration,  chronaxie,  specific  features)  in  each  irri- 
table tissue  (39),  (42).  The  general  problem  is  why  this  process  should 
be  initiated  by  a  change  of  electrical  polarization  at  the  cell-surface. 
The  only  general  inorganic  analogy  is  that  of  electrolysis.  In  this 
case  the  establishment  of  a  suflScient  uncompensated  potential-dif- 
ference between  electrode  and  solution  forms  the  condition  of  the 
chemical  change.  When  the  electric  current  is  free  to  pass  {i.e.,  with 
closed  circuit)  there  is  transfer  of  electricity  (electrons)  between  elec- 
trode and  solution ;  at  the  interface  electrons  are  added  to  or  abstracted 
from  the  molecules  or  ions  there  present,  with  chemical  combination 
or  decomposition  as  a  result.  We  have  seen  that  in  the  metal-electrolyte 
combination  regarded  above  as  affording  a  generalized  model  of  pro- 
toplasmic transmission — passive  iron  in  nitric  acid —  a  local  electrolysis, 
resulting,  e.g.,  from  the  contact  of  zinc  or  from  a  mechanical  interrup- 
tion of  the  oxide  coating,  forms  the  primary  condition  of  a  rapidly 
propagated  wave  of  chemical  and  electromotor  change  also  depending 
on  electrolysis;  and  attention  has  been  called  to  the  many  significant 
resemblances  between  this  process  and  protoplasmic  transmission.  The 
implication  is  that  in  the  transmitting  protoplasmic  system  also  the 
local  bioelectric  current  produces,  by  a  process  essentially  identical  with 
electrolysis,  chemical  alterations  in  the  surface-film,  and  that  the  general 
tendency  of  excitation-processes  to  spread  in  living  protoplasm  is  a 
result  of  this  condition,  which  is  essentially  similar  to  that  existing  in 
the  inorganic  model.  At  present  the  special  chemical  conditions  at  the 
protoplasmic  interfaces  are  unknown,  but  in  their  general  features  the 
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two  processes  give  unmistakable  evidence  of  belonging  to  the  same 
physico-chemical  class. 

According  to  this  conception,  protoplasmic  transmission  is  an  electro- 
chemical effect,  depending  on  the  formation  of  a  circuit  between  the 
altered  area  and  the  adjoining  unaltered  area.  For  a  certain  distance 
(e.g.,  Rz  Ri,  fig.  1)  beyond  the  boundary  between  these  areas  the  current 
of  the  local  circuit  is  sufficiently  intense  to  effect  the  required  electro- 
lytic alteration  of  the  surface  layer;  in  the  case  of  the  passive  wire  this 
alteration  consists  in  the  reduction  of  the  passivating  oxide  film  to  a 
lower  state  of  oxidation;  in  the  case  of  the  protoplasmic  system  its 
precise  nature  is  unknown.  Any  such  effect  is  self-propagating  because 
between  the  newly  altered  area  and  the  area  beyond  a  similar  circuit 
is  formed,  and  the  same  effect  is  repeated  at  each  new  boundary.  Since 
the  essential  condition  for  propagation  is  alteration  of  the  interfacial 
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Fig.  1.  Diagram  of  the  momentary  conditions  in  a  frog's  motor  nerve  at  20°. 
The  shaded  region  marked  A,  between  Rt  and  R^,  is  occupied  at  the  instant  under 
conaideration  by  the  excitation-wave,  which  is  regarded  as  advancing  in  the 
direction  of  the  large  arrow  at  the  rate  of  30  m.  ])er  second.  Its  length  is  C  cm., 
amttiming  the  total  duration  of  the  local  process  (as  indicated  by  the  duration 
of  the  local  bio-<dectric  variation)  to  be  0.002  second.  The  excitaticm-process  is 
jiut  beginning  at  Rt,  has  reached  its  maximum  at  .Ito,  and  has  just  subsided  at 
Rt.  The  curve  indicates  the  variation  from  the  resting  i)otential  at  different 
points  in  the  active  region;  the  maximum  P.  D.,  at  .tio,  is  30  to  40  millivolts. 
The  unshaded  regions  marked  R  are  in  the  resting  state.  The  small  arrows 
indicate  tlie  general  clirection  of  the  bio-electric  current  (positive  stream),  in 
the  external  medium  and  in  the  protoplasm,  in  a  portion  of  the  circuit  at  the 
•ctivr-refiting  boundary.  For  a  certain  distance  beyond  the  boundary  (RiR*, 
probably  about  3  cm.)  the  intensity  of  this  current  is  sufficient  to  excite  the 
nerve;  excitation  is  thus  in  [irocoss  of  initiation  in  the  still  resting  region  of  the 
nerve  for  thi«  distance  in  advance  of  the  wave-front.  For  a  somewhat  siiiiilar 
diatance  RtRt  in  the  wake  of  the  excitation-wave  the  nerve  is  refractory  to 
■timuUtion. 
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film  at  some  distance  from  the  already  altered  area,  by  means  of  the 
electrochemical  action  of  the  local  current,  it  is  evident  that  the 
possibility  of  transmission  depends  in  the  first  instance  upon  the 
"chemical  distance-action"  effect  (15,  p.  165).  As  each  new  active- 
inactive  boundary  is  formed  the  same  situation  arises;  there  is  always, 
therefore,  extending  for  a  certain  distance  in  advance  of  the  already 
altered  region  a  region  within  which  the  electrochemical  reduction  is  in 
progress.  The  length  of  this  interval,  and  the  rate  at  which  the  film 
is  electrochemically  removed  or  altered,  are  the  two  chief  factors  deter- 
mining the  velocity  at  which  the  reaction  is  transmitted  along  the 
surface  (27),  (28). 

This  general  description  is  based  more  particularly  upon  the  condi- 
tions in  the  passive  iron  system,  where  the  chemical  conditions  of 
transmission  are  comparatively  simple  and  readily  understood.  In  the 
case  of  a  protoplasmic  system  like  nerve,  the  precise  nature  of  the 
chemical  reactions  determining  transmission  is  unknown.  There  is 
little  or  no  change  of  temperature  accompanying  the  passage  of  a  nerve 
impulse  (45),  but  the  significance  of  this  fact  is  obscure  j^"  possibly  heat- 
production  and  heat-absorption  balance  each  other  in  the  local  reaction. 
It  seems  probable  that  oxidation-reduction  processes  are  concerned  in 
many  transmissions,  and  in  this  case  the  local  bio-electric  circuit  may 
represent  essentially  an  oxidation-reduction  circuit. ^^  The  majority 
of  stimulation  and  transmission  processes  are  directly  or  indirectly 
dependent  on  oxygen-supply;  but  whether  molecular  oxygen  enters 
into  the  local  reaction  in  its  initial  destructive  phase,  or  in  its  later 
reconstructive  or  synthetic  phase,  is  uncertain.  More  probably  oxygen 
is  especially  required  in  the  construction  phase,  during  which  the  altered 
surface-film  is  renewed  (37).  Nerve  is  not  exhausted  by  stimulation 
except  in  the  absence  of  oxygen  (46a),  (47);  this  condition  is  also  known 

1°  It  cannot  be  explained  until  more  is  known  of  the  nature  of  the  local  cur- 
rent-producing reaction.  It  is  well  known  that  certain  electrochemical  combi- 
nations abstract  energy  from  the  surroundings;  according  to  Bernstein  and 
Tschermak  this  is  also  true  of  the  electric  organ  of  the  torjiedo  (c/.  Bernstein,  86, 
chapter  6).  The  energy  of  the  local  bio-electric  current  in  a  nerve  is  insuffi- 
cient to  produce  an  appreciable  change  of  temperature  (c/.  Hill,  48). 

"  There  is  some  evidence  (regarded  as  inconclusive  by  many  physiologists) 
of  an  increased  production  of  COa  by  nerve  during  activity  (c/.  Waller  45a, 
Tashiro  45b).  The  absence  of  any  increased  rate  of  change  in  the  pH  of  the 
medium  bathing  the  nerve  during  activity,  as  reported  by  Moore  (46)  is  not 
necessarily  inconsistent  with  this  result,  since  there  is  the  possibility  that  basic 
compounds  {e.g.  NHj)  may  be  freed  from  the  nerve  at  the  same  time. 
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to  prolong  the  refracton-  period  (47),  which  apparently  represents  the 
period  of  reconstruction  of  the  surface-film  (37).  In  general,  the  above 
analogies  with  the  metallic  system  point  to  the  conclusion  that  the 
essential  process  in  the  local  excitation-effect  consists  in  a  breakdown 
of  the  protoplasmic  surface-film,  under  the  electrochemical  influence 
of  the  local  bio-electric  current,  followed  by  its  reconstruction  under 
similar  influence,'^' — which  becomes  oppositely'  directed  as  soon  as  the 
direction  of  the  local  "diphasic"  current  changes.^^    The  process  is 

'*  The  terms  "breakdown"  and  "reconstruction"  maj'  seem  to  imply  a  more 
thorough-going  alteration  than  actually  occurs  in  the  surface-film  of  the  irritable 
element  during  the  passage  of  the  excitation-wave;  but  in  our  ignorance  of  the 
details  of  the  process  they  may  be  regarded  simply  as  indicating  the  general 
character  of  the  two  phases  of  the  reversible  or  cyclical  process  at  the  excited 
area.  Apparently  the  breakdown  ("catabolic"  change)  corresponds  to  the  rising 
phase,  the  reconstruction  ("anabolic"  change)  to  the  return  phase  of  the  electric 
variation;  on  this  view  the  physiological  conditions  have  a  general  correspond- 
ence with  those  in  the  metallic  model  (compare  the  earlier  view  of  Hering:  Theorj' 
of  the  Functions  in  Living  Matter,  Lotos,  ix,  Prag,  1SS8,  translated  in  Brain, 
1897.  XX,  232). 

"  Some  light  appears  to  be  thrown  on  this  problem  by  the  effects  of  change  of 
tenii)orature.  It  is  probably  significant  that  the  temperature-coefficient  of 
transmission  in  muscle  and  nerve  is  definitely  lower  than  that  of  the  refractory 
period,  which  represents  the  time  occupied  by  the  process  of  restoration  immedi- 
ately following  the  passage  of  an  excitation-wave.  According  to  the  recent 
results  of  Adrian  (49),  the  temperature-coefficient  of  the  rising  phase  of  the 
bioelectric  variation  also  appears  to  be  distinctly  less  than  that  of  the  declining 
phase.  Xow  the  rising  phase  of  the  electromotor  variation,  in  both  the  passive 
iron  model  and  the  living  tissue,  is  determined  (on  the  jiresent  evidence)  by  the 
breakdown  (or  increase  of  i)ermeabi!ity)  of  the  surface-film.  Transmission  is  a 
direct  consequence  of  this  effect,  as  already  indicated.  The  return  or  declining 
phase  (in  which  the  passive  or  resting  potential  returns)  represents  the  period 
in  which  the  surface-film  is  reformed.  The  results  of  Maxwell  (50),  Snyder  (51), 
Lucas  (52),  Woolley  (52a)  and  Harvey  (52b)  all  indicate  a  Qio  of  about  2  for  the 
transmission-rate  in  muscle  and  nerve;  while  for  the  refractory  period  the  most 
exact  determinations  (Rnzctt  (53),  .\drian  (49),  (54))  give  values  of  3  or  inort",  n 
eoeffieient  similar  to  that  of  growth  processes. 

On  the  the<)ry  that  trunHmisHion  is  de])endent  on  breakdown  of  the  surface- 
film,  and  recovery  on  its  reconstruction,  it  seems  possible  to  exi)laiii  this  differ- 
ence. Roconstniction  is  esHentinlly  a  matter  of  metabolic  synthesis  ami  sliould 
have  a  purely  chemical  temporature-coefncient;  while  bn^ikdown  is  ])r()l)ably 
mainly  the  result  of  physical  disintegration,  following  some  initial  chemical 
alteration.  I^t  us  assume  that  the  total  period  of  breakdown  at  20°  has  a  dura- 
tion of  3  0,  and  that  one-third  of  this  period  (1  v)  is  occupied  by  the  initial  chemi- 
cal decomposition  (Qio  ■>  3)  and  the  remaining  two-thirds  by  a  ))hysi('al  dis- 
integration  (with  (ji«  »  1.3,  the  value  for  diffuHion-processcs).  The  duration  of 
the  total  proreM  at  10*  would  then  bo  I9  X  3  +  2^  X  1.3  -  6.(kr.    The  ratio  of  the 
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self-propagating  because  in  a  film-covered  system  like  protoplasm  it 
cannot  occur  without  the  production  of  potential-differences,  and  hence 
of  local  circuits  which  produce  chemical  effects  involving  similar  altera- 
tions of  film-structure  in  regions  adjoining. 

In  considering  cases  where  the  detailed  nature  of  the  chemical  proc- 
esses is  obscure,  as  in  nerve,  a  more  generalized  conception  of  the 
above  general  type  of  situation  may  be  desirable.  Let  the  two  parallel 
lines  in  figure  2  represent  the  contour  of  a  filament,  wire,  or  other  con- 
ducting structure,  covered  with  a  chemically  alterable  surface-film  of 
uniform  composition  and  immersed  in  an  electrolyte  solution.  So  long 
as  the  system  is  undisturbed,  the  conditions  at  any  two  points,  e.g.,  A 
and  B,  are  chemically  and  electrically  symmetrical;  the  interfacial 
P.D.  is  the  same  at  all  portions  of  the  surface,  hence  no  current  flows 
through  the  circuit  if  the  two  points  are  connected  through  a  galva- 
nometer. Butifnowone  region  (e.g.,  A)  is  altered — chemically,  mechani- 
cally, thermally,  or  osmotically  {i.e.,  by  a  concentration  change) — the 


A  B 

Fig.  2 

two  regions  are  no  longer  symmetrical  and  a  current  flows;  if  this  current 
produces  through  its  electrochemical  effect  an  alteration  at  B  corre- 
sponding to  that  at  A,  transmission  will  result. 

It  is  evident  that  such  a  generalized  schema  may  applj'^  to  systems 
of  the  most  wideh'  varying  chemical  composition.  The  details  of  the 
conditions  in  any  system  like  nerve  can  be  determined  only  by  special 

velocities  at  the  two  temperatures,  5.6/3,  or  1.9,  is  similar  to  that  observed  for 
transmission  velocities  in  nerve.  Thus  if  transmission  is  due  to  a  disintegration 
effect,  following  a  brief  initiatory  chemical  effect,  a  low  temperature-coefficient 
is  to  be  expected. 

A  further  indication  that  the  two  processes  are  essentially  different  in  char- 
acter is  seen  in  Lucas'  observation  (55)  that  a  nerve  may  exhibit  a  normal  rate 
of  recovery  in  solutions  of  alcohol  which  greatly  retard  transmission.  Trans- 
mission and  recovery  are  thus  differently  affected  by  both  temperature  and 
chemical  reagents.  It  is  known  that  the  refractory  period  may  be  artificially 
lengthened  by  conditions  (poisons  and  lack  of  oxygen)  which  have  little  effect  on 
transmission  or  on  the  rising  phase  of  the  bio-electric  variation  (93),  (94),  (95). 
In  the  passive  iron  model  the  duration  of  the  recoverj'  phase  may  be  varied 
within  wide  limits  without  affecting  the  rate  of  transmission,  by  simply  varying 
the  concentration  of  the  HNOj  (37). 
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investigation;  but  it  is  to  be  remembered  that  the  possibiHty  of  trans- 
mission of  the  tj'pe  under  consideration  is  determined  by  the  general 
features  of  the  system  and  not  by  its  special  peculiarities  of  composi- 
tion and  structure.  The  essential  condition  in  all  cases  is  the  presence 
of  a  thin,  chemically  alterable  surface-film  separating  two  media,  both 
of  which  conduct  electricity,  the  passage  of  electricity  between  the  two 
media  being  attended  with  chemical  and  structural  alteration  in  the 
fihn. 

There  is  in  fact  much  evidence  that  stimulation  processes  are  accom- 
panied by  alteration  or  temporary  breakdown  (associated  with  per- 
meability-increase)" of  protoplasmic  film-structure,  especially  of  the 
limiting  surface-films  or  plasma  membranes  (56),  (57),  (27).  The 
fundamental  theoretical  importance  of  such  evidence  will  be  clear  from 
the  foregoing,  and  a  brief  review  of  the  chief  known  facts  will  indicate 
how  widespread  such  processes  ai'fe  in  living  protoplasm.  In  its  ele- 
mentarj'-  physico-chemical  constitution  protoplasm  is  most  closely 
related  to  the  emulsions  or  emulsion-like  systems,  as  Biitschli  recog- 
nized many  years  ago  (58);  and,  as  in  other  such  systems  (35),  inter- 
facial  films  are  undoubtedly  a  chief  factor  in  determining  its  normal 
physical  properties  and  especially  its  structural  stability,  i.e.,  in  pre- 
serving the  normal  subdivision  and  distribution  of  the  component 
phases  (59),  (60).  In  many  instances,  the  protoplasmic  emulsion  is 
highly  unstable.  The  platelets  of  mammalia  and  the  ''explosive  cor- 
puscles" of  Crustacea  (61)  are  well-known  instances;  here  slight  chemi- 
cal or  mechanical  clianges  lead  to  a  rapid  and  complete  disintegration 
of  protoplasmic  structure.  Many  striking  instances  of  tliis  tyi)e  of 
eflfeet  have  been  brought  to  light  since  the  introduction  of  the  methods 
of  micro-dissection.  J^eucocytes,  red  l)lood-corpuscles,  germ-cells  and 
other  cells  not  ordinarily  chissed  as  "irritable,"  when  cut  or  punctured 
locally  by  a  capillary  needle,  often  exhibit  a  spread  of  disintegrative 
alteration  which  may  involve  the  whole  protoplasm  (62).  The  pro- 
tophiMHiic  l>oun(lary-fihn  lose.s  its  normal  seini-ix'rmeable  properties, 
and  thiH  efT<'ct  spreads;  a  g()o<l  illustration  is  Chambers'  observation 
that  a  nul  corpusch'  j)rick(>(l  at  one  point  immediat(»ly  shows  loss  of 
hemoglobin  ovjt  itH  whole  surface  (t)3).  Recently  many  interesting 
inKtanceK  of  progrcKsive  disintt^gration  of  protoplasmic  structures, 
including  menibrancH,  following  local  injury  hav(^  been  obscM'ved  in 
Protozoa   by  Taylor   (6-1).     In   other  ciwcs  the  injury  may   remain 

I*  A  br(*Akdnwn  would  imply  int^rniption  of  continuity  and  hence  InrreaBC  of 
permeability,  of  which  there  in  much  evidence  (56). 
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localized,  its  spread  being  delimited  by  the  formation  of  a  new  surface- 
film;  this  phenomenon  is  frequent  in  echinoderm  egg-cells  (65).  The 
spread  of  such  disintegrative  effects  varies  according  to  the  conditions, 
e.g.,  with  the  extent  of  the  local  injury  or  the  state  of  the  protoplasm. 
In  the  isolated  nerve-ganglion  cells  of  the  lobster  Chambers  found  that 
more  than  a  certain  degree  of  mechanical  injury  resulted  in  a  complete 
and  irreversible  change  in  the  properties  of  the  protoplasm.  "When  this 
limit  is  passed  the  viscid  plasma  sets  into  a  coagulated  non-viscous  mass 
which  may  be  broken  into  non-glutinous  pieces"  (66).  Loss  of  me- 
chanical coherence,  usually  associated  with  coagulative  changes  in  the 
cell-proteins,  is  a  frequent  effect  of  irreversible  protoplasmic  alteration 
of  this  kind;  this  is  seen,  e.g.,  in  the  death-rigor  of  muscles.  A  similar 
change  occurs  as  a  result  of  excessive  stimulation  in  certain  irritable 
and  contractile  forms  of  protoplasm,  e.g.,  the  large  compound  cilium 
or  swimming  plate  of  ctenophores  (67).  When  these  structures  are 
placed  in  certain  solutions  {e.g.,  pure  isotonic  NaCl)  there  follows  a 
marked  and  striking  acceleration  of  contractile  or  vibratile  activity 
during  which  the  normally  clear  and  translucent  protoplasm  undergoes 
a  progressive  whitening  or  coagulation;  both  processes  cease  within  a 
minute  or  two,  by  which  time  the  protoplasm  has  lost  its  structural 
coherence  and  has  become  permanently  opaque  and  coagulated.  Evi- 
dently the  physical  state  (subdivision,  etc.)  of  the  structural  proteins 
is  irreversibly  changed  as  a  result  of  some  process  associated  with  intense 
stimulation.  It  is  especially  noteworthy  that  during  the  excessive 
activity  resulting  from  this  treatment  the  individual  fibrils  or  cilia 
composing  the  plate  frequently  lose  coherence  and  vibrate  independ- 
ently. Apparently  the  normal  interstitial  material,  corresponding  to 
an  interfibrillar  film-structure,  is  irreversibly  broken  down  during  the 
continued  excessive  activity  resulting  from  the  abnormal  stimulation. 
It  is  to  be  presumed  that  during  the  normal  rhythm  of  contraction  this 
film-structure  is  alternately  broken  down  and  replaced  in  such  a  manner 
that  the  restoration  during  each  contractile  cycle  is  complete,  but  that 
under  the  above  abnormal  conditions  the  process  of  reconstruction  is 
imperfect  and  progressive  disintegration  results. 

The  ability  of  cut  or  injured  protoplasmic  surfaces  to  form  new  film- 
structure  has  long  been  known;  this  property  is  highly  significant  in 
relation  to  the  power  of  repair  and  maintenance  possessed  by  all  forms 
of  protoplasm.  In  the  recovery  of  the  irritable  cell  or  element  after 
stimulation  this  film-forminfg  process  is  almost  certainly  concerned, 
as  indicated  especially  by  the  phenomena  of  the  refractory  period 
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above  referred  to;  in  certain  egg-cells  (Echinarachnius)  a  process  of 
apparent!}'  the  same  kind  can  be  shown  to  occur  immediately  after 
insemination  (36).  In  those  cases  where  the  breakdown  of  the  proto- 
plasmic structure  is  more  rapid  than  can  be  compensated  by  the  suc- 
ceeding reconstruction  the  effects  of  stimulation  may  be  irreversible; 
this  appears  to  be  exemplified  in  the  above  cited  instances  of  the  lobster 
ganglion-cell  and  the  ctenophore  swimming-plate;  structural  break- 
down from  exhaustion  is  in  fact  well  known  in  higher  as  well  as  in 
lower  organisms.'*  A  recent  review  by  Seifriz  (69)  gives  many  instances 
of  this  capacity  of  living  protoplasm  to  form  new  films  or  plasma 
membranes  at  cut  or  altered  surfaces. 

In  any  irritable  and  conducting  cell  or  element  altered  by  normal 
stimulation,  the  formation  of  a  new  surface-film'^  apparently  occurs 
at  each  region  immediately  after  the  passage  of  the  activation- wave. 
If  this  conception  is  true,  the  general  conditions  in  living  protoplasm 
resemble  those  existing  in  the  passive  iron  model  in  strong  HNOs,  where 
as  the  activation-wave  passes  each  region  there  is  a  chemical  and  physi- 
cal disintegration  of  the  surface-fihn  followed  by  its  reformation.  This 
surface  change  is  accompanied  bj''  a  variation  of  potential,  and  hence 
by  the  formation  of  a  local  current  which  determines  the  transmission 
in  the  manner  already  indicated.  The  evidence  that  stimulation  is 
associated  with  a  reversible  increase  in  the  permeability  of  the  limiting 
protoplasmic  membranes  lias  been  revicweti  in  several  of  my  former 
papers  on  stimulation  (27),  (56),  (70).  A  striking  instance  where  the 
transmission  of  the  activating  effect  is  clearly  accompanied  by  a  rapidly 
reversed  breakdown  or  loss  of  continuity  in  the  protoplasmic  surface- 
layer  has  recently  been  observed  by  Just  (36)  in  the  sand-<lollar  egg 
(E^chinarachnius)  during  insemination.'^  At  the  point  of  sperm-entry 
a  characteristic  local  process,  associated  with  the  separation  of  the 
fertilization-membrane,  is  initiated  in  the  surface-layer  or  "cortical 
zone"  of  the  egg.  'I'his  change  travels  slowly  over  the  cell-surface 
(diameter  =  ca.  140/i)  and  reaches  the  opposite  pole  some  20  seconds 
later.  As  it  travels  the  protoplasmic  surface-film  loses  temporarily  its 
normal  coherence  or  tenacity,  so  that  if  the  egg  is  then  placed  in  dilute 

''Many  ittrikinR  incUuioet  are  described  in  the  rccont  book  of  Crilc  ((iS)  on 
■bock  and  cximiifitidn. 

••Of  eouriK*  the  degree  to  which  thin  rcu'wiomtiou  involvoH  comjiloto  roplacc- 

tncf.f   or  Rimple  repair  of  an  alturud  thniiKh  pcrnwincnt  Htructtirr,  cnnnot  be  said 

••nt.     In  the  pajmivo  iron  model  an  nnttroly  nuw  hiy«r  Ih  {i])])aronlly  formed. 

•  rtnin  dntailM,  noon  to  bo  pnbliiihi>d,  nru  inchuhMl  in  th<<  roliowin^  dcscrip- 

'.  ith  Ihf?  kind  pflrmimiion  of  Doctor  JtiNt. 
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sea-water  (e.g.,  60  vols,  fresh  plus  40  sea)  it  rapidly  swells  and  bursts, 
the  disruption  beginning  at  the  region  to  which  the  alteration-wave  has 
extended.  This  unstable  and  non-coherent  state  of  the  plasma-mem- 
brane lasts  at  each  region  for  only  a  few  seconds,  and  within  about 
one  minute  after  insemination  the  whole  egg  has  recovered  its  normal 
resistance;  it  then  simply  swells  without  bursting  in  sea-water  of  this 
dilution.  These  appearances  indicate  that  as  the  change  passes  over 
the  egg-surface  the  external  layer  of  protoplasm  undergoes  a  local 
disintegrative  alteration,  losing  coherence  and  semi-permeability;  at 
the  altered  region  a  thin  film  of  surface-material  is  lifted  off  as  the 
fertilization-membrane;  following  this  process  a  new  coherent  and 
semi-permeable  surface-layer  is  rapidly  reformed.  In  its  general  fea- 
tures this  process  resembles  that  accompanying  cytoplasmic  cleavage 
in  this  egg  and  in  the  Arbacia  egg,  where  during  the  formation  of  the 
cleavage-furrow  the  plasma  membrane  changes  its  properties  in  such  a 
manner  that  the  eggs  break  down  rapidly  in  sea-water  of  the  above 
dilution;  tliis  medium  has  no  such  effect  in  the  intervals  between  cleav- 
age (71).  Such  a  reversible  surface-change  is  probably  closely  similar 
to  that  accompanying  the  transmission  of  an  activation-wave  along  an 
irritable  element  like  a  nerve-fiber,  with  the  difference  that  the  proc- 
esses of  local  breakdown  and  reconstruction  are  much  more  gradual. 

In  most  of  the  foregoing  examples  of  protoplasmic  transmission  the 
reaction  determining  the  propagation  is  apparently  confined  to  the 
surface-film  bounding  the  cell  or  cell-element  from  the  external  medium. 
Similar  transmissions,  however,  undoubtedly  occur  within  the  interior 
of  single  cells;  and  recently  an  experimental  study  of  these  intracellular 
conduction  processes  has  been  made  with  the  microdissection  apparatus 
by  Taylor  (64),  using  the  ciliated  protozoon,  Euplotes.  In  this  form 
there  are  present  certain  definite  intracellular  non-contractile  proto- 
plasmic strands  or  fibrils^  ^  which  are  connected  both  with  the  external 
motor  organs  (cirri  and  membranelles)  and  with  an  internal  central 
structure,  the  "motorium, "  to  which  an  integrative  or  coordinating 
role  is  ascribed.  Cutting  these  various  tracts  was  found  to  produce 
definite  disturbances  of  coordination  and  conduction.  It  thus  appears 
probable  that  within  the  limits  of  single  cells  systems  of  intracellular 
tracts  or  filaments  may  exist,  transmitting  influence  from  region  to 
region.  The  intracellular  fibrils  of  nerve-cells  belong  probably  in  this 
category.     If  such  filaments  are  bounded  by  films  similar  in  properties 

^*  These  strands  are  similar  to  those  first  described  by  Engelmann  (72)  in 
Stylonychia  in  1880,  and  to  which  he  attributed  a  conductive  function. 
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to  those  bounding  the  general  cell-surface  and  continuous  with  the 
latter,  excitatory-  or  similar  influences  originating  at  the  cell-surface 
may  be  thus  transmitted  through  the  cell-interior  and  there  modify 
chemical  or  other  processes.  Such  a  conception  would  regard  the 
internal  protoplasm  of  many  irritable  cells  (muscle-cells,  gland-cells, 
photogenic  cells,  etc.)  as  pervaded  by  a  system  of  film-structure  similar 
in  properties  to  that  enclosing  the  entire  cell;  both  the  structural  and 
physiological  characters  of  the  protoplasmic  system  would  then  vary 
with  the  physical  and  chemical  state  of  these  films.^^  Thus  any  irre- 
versible breakdown  of  this  film-sj'stem  would  lead  to  structural  and 
chemical  disintegration,  as  in  the  cases  cited  above;  but  a  temporary 
and  reversible  alteration,  similar  to  that  assumed  to  occur  in  the  surface- 
film  of  a  conducting  neurofibril,  would  have  a  temporary  and  reversible 
effect  which  would  cease  when  the  film-structure  was  reformed. 

It  appears  probable  that  in  contractile  fibrillar  forms  of  protoplasm, 
e.g.,  muscle-cells,  cilia,  membranelles,  swimming  plates,  processes  of 
this  type  form  an  essential  condition  of  contraction.  Removal  or 
alteration  of  the  interfacial  film  between  fibril  and  sarcoplasm  would 
alter  the  surface-tension  and  produce  mechanical  effects  in  a  manner 
similar  to  that  seen  during  the  removal  of  the  interfacial  film  in  the 
Hg  —  HjOj  system  (29).  It  is  clear  that  in  a  stimulated  muscle  cell  the 
effect  of  an  alteration  originating  at  the  cell-surface  is  propagated  through 
the  entire  protoplasm  and  causes  contraction  in  all  of  the  fil)rillie.  That 
the  contractile  process  in  the  ctenophore  swimming  plate  is  associated 
with  a  temporary  Ijreakdown  of  the  int(Tfibrillar  material  is  indicated 
by  the  effects  descrilx»(l  alcove  as  occurring  in  pure  NaCl  solutions, 
especially  the  loss  of  coherence  between  the  fused  cilia  forming  the 
plate;  many  of  these  vibrate  indeiMMidently  during  (h(^  bri(>f  period  of 
excessive  activity,  at  the  same  time  undergoing  a  coagulative  altera- 
tion. The  whole  appearance  is  strongly  suggestive  of  a  rapid  and 
irreplaceable  breakdown  of  some  interstitial  material  or  film-structure 
which  is  essential  to  the  normal  proix'rtie.s  of  the  whole  plat(>  and  tonus 
the  medium  of  the  coordinated  movement  of  its  separate  fibrils.  This 
conception  correHjmndH  essentially  to  that  of  a  contimious  (iliii-systcm 
rcpnwenting  the  conductile  part  of  the  protopljism,  normal  conduction 
depending  on  its  local  breakdown  followed  by  its  prompt  reconstruction. 

t'Comparn  Hofmciiitor'N  conception  (73)  of  a  chambered  or  filtu-partitioncd 
structure  (related  to  cmulnion  ntnirturr)  an  contrnlllnn  rhoniicftl  rcuotionH  in 
cell*.  For  example,  the  rnpid  onHct  of  iiutolyHiH  iit  dcutli  rnny  bc>  duo  to  the 
removal  of  a  film>«ilriirtur«*  which  normnlly  limitu  the  interaction  of  thr  intniccllu- 
iMrmutymM  and  their  Muhiitrateii. 
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The  temporary  interruption  of  such  intracellular  films  would  permit 
chemical  interaction  between  compounds  which  in  the  normal  resting 
state  of  the  protoplasm  are  kept  apart;  and  in  fact  many  instances  are 
known  where  reactions  which  occur  slowlj^  or  imperceptibly  in  the  intact 
cell  proceed  rapidly  when  protoplasmic  structure  is  destroyed,  or  after 
natural  death;  the  oxidase  reaction  which  causes  browning  in  fruits, 
potatoes  and  leaves,  and  the  reactions  of  autolysis  are  examples.  The 
recent  investigations  of  Harvey  (74)  on  light-production  in  animals  are 
especially  interesting  because  of  the  indirect  light  which  they  throw  on 
the  inner  mechanism  of  stimulation  processes.  The  substances  luci- 
ferin.and  luciferase,  whose  union  in  the  presence  of  oxygen  determines 
light-production,  are  apparently  both  present  in  the  irritable  photogenic 
cell,  but  in  many  organisms  their  interaction  occurs  only  as  the  result 
of  stimulation.  Evidently  some  physical  barrier  preventing  this  union 
is  then  temporarily  removed.  The  sensitivity  of  a  luminous  unicellular 
organism  like  Noctiluca  to  mechanical  or  electrical  stimulation  is  most 
readily  understood  on  the  assumption  that  an  intracellular  film-structure, 
which  is  broken  down  and  replaced  in  stimulation,  controls  the  photo- 
genic reaction.  Light-production  thus  forms  an  index  of  stimulation 
in  the  same  sense  as  the  bio-electric  variation,  both  processes  depending 
on  alterations  in  the  protoplasmic  film-structure.^"  The  phenomena  of 
irritable  gland  cells,  which  show  both  increased  permeability  and  bio- 
electric variations  during  stimulation,  are  further  examples  having  a 
similar  significance. 

The  evidence  is  conclusive  that  in  the  surface-films  covering  passive 
iron  in  HNO3  or  mercury  in  H2O2  the  progress  of  the  wave  of  disinte- 
gration is  the  direct  result  of  electrolysis  by  local  circuits.  The  evidence 
that  transmission  in  protoplasmic  systems  is  also  a  consequence  of  the 
local  electrical  currents  produced  in  excitation  is  mainly  of  an  indirect 
nature.  The  above  parallels  between  the  processes  of  activation  and 
transmission  in  the  metallic  models  and  in  living  protoplasm  are,  how- 
ever, of  a  kind  otherwise  difficult  to  explain.  The  presence  of  thin 
alterable  interfacial  films  seems  to  be  the  only  significant  structural 
feature  possessed  in  common  by  both  systems.  Such  considerations 
lend  a  new  significance  to  the  familiar  fact  that  the  physiological  effects 
produced  by  external  electric  currents,  e.g.,  in  muscle,  are  indistinguishable 

*"  An  interesting  instance  of  transmission  of  a  light-producing  reaction  in  the 
colonial  coelenterate  animal  Renilla  has  recently  been  described  by  Parker  (75). 
Waves  of  light  travel  over  the  surface  of  the  organism  from  the  point  of  stimula- 
tion.    The  Q  10  of  this  transmission  is  ca.  2. 
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from  those  produced  bj-  normal  innervation.  On  the  present  inter- 
pretation normal  innervation  represents  in  reality  a  form  of  electrical 
excitation.  It  has  long  been  known  that  the  passage  of  an  activation- 
wave  in  nerve  or  muscle  is  associated  with  a  local  electrical  variation 
and  circuit  (76) ;  and  in  any  electrically  sensitive  film-partitioned  system 
of  the  type  of  li\ang  protoplasm  such  currents  must  have  chemical 
efforts  wherever  they  traverse  the  phase-boundaries. 

It  is  clear  from  inspection  (see  fig.  3)  that  the  local  bio-electric  current 
accompanying  the  activation-wave,  e.g.,  in  a  nerve,  passes  in  such  a 
direction  that  its  normal  effect — if  it  causes  stimulation  under   the 
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Fig.  3.  In  A  the  arrows  represent  the  direction  of  the  bio-clectric  current  in 
the  local  active-inactive  (or  action  current)  circuit  on  one  side  of  the  stimulated 
or  active  region  .5  (dotted  lines).  In  B  the  course  of  an  external  stimulating 
current  from  a  battery  is  represented.  Stimulation  originates,  on  make,  at  the 
cathodal  electrode,  where  the  current  has  the  same  direction,  relatively  to  the 
protopla«mic  surface,  as  at  K. 

same  conditions  as  other  electric  currents-  -would  be  to  excite  the  rest- 
ing areaa  adjoining  the  active  area,  and  repress  excitation  in  the  active 
area.  Also  we  know  tlmt  the  action-currents  of  a  tissue  have  the  iiilou- 
8ity,duraiion  and  rate  of  change  required  to  excilo  that  tissue  ("rlioo- 
scopic  frog"  experiments,  etc.).  'i'hese  phenomena  of  secondary  electric 
stimulation  are  apparently  shown  in  JHolatcHl  (!ells  like  spermatozoa 
(77)  and  ciliated  cells,  which  Ix'at  synchronously  when  in  doHc  contact 
with  one  another.  The  synchronous  vibration  (if  f lamella  in  protoy.oa 
is  undoubtedly  a  elowly  related  phenomenon.  'V\w  view  that  trans- 
mission of  excitation  is  <«WM»ntially  a  <*aH'  of  secondary  Mtimulation  by 
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bio-electric  currents  was  in  fact  long  ago  entertained  b\^  du  Bois-Rey- 
mond  (78),  Hermann  (79),  Kiihne  (80),  and  other  earlier  students  of 
the  bio-electric  phenomena.  Du  Bois-Reymond  even  speaks  of-  the 
possibility  that  processes  of  electrolysis  may  underlie  electrical  stimu- 
lation (81). 

Many  other  facts  indicate  the  essentially  electrical  nature  of  the 
factors  determining  transmission.  Thus  it  is  well  known  that  both 
local  stimulation  and  transmission  may  be  facilitated  or  hindered  by 
the  passage  of  constant  currents  through  the  tissue ;  this  effect  is  defi- 
nitely polar  (electrotonus),  and  probably  represents  in  large  part  an 
interference  effect  between  opposed  electrical  currents  (37,  pp.  136-138). 
The  effects  of  local  injury  in  blocking  nerve  transmission  may  belong 
in  the  same  category,  the  local  injury  current  compensating  the  current 
of  the  normal  bio-electric  circuit  as  the  activation-wave  nears  the 
region  of  injury.  Further  evidence  that  the  local  action-current  forms 
the  essential  condition  for  transmission  is  seen  in  the  effects  of  altering 
the  electrical  conductivity  of  the  medium.  Mayor  found  that  in  dilute 
sea-water  the  rate  of  transmission  in  the  nerve-net  of  the  medusa 
Cassiopea  is  less  than  the  rate  in  normal  sea-water,  the  decrease  for  a 
given  dilution  running  closely  parallel  with  the  decrease  in  the 
electrical  conductivity  (82).  The  relation  between  the  conductivity 
of  the  medium  and  the  rate  of  transmission  of  the  contraction- 
wave  in  muscle  has  recently  been  made  the  subject  of  a  special  investi- 
gation by  Pond  (83),  using  the  Limulus  heart  and  vertebrate  skeletal 
and  cardiac  muscle.  The  normal  medium  (sea-water.  Ringer's  solu- 
tion) was  diluted  with  isotonic  sugar  solution,  and  within  a  wide  range 
of  dilutions  a  close  correlation  between  the  electrical  conductivity  of 
the  altered  medium  and  the  rate  of  transmission  was  found.  This 
correlation  is  to  be  expected  if  electric  currents  traversing  the  extra- 
protoplasmic  medium  are  in  fact  an  essential  factor  in  transmission.'^^ 
The  distance  (from  the  already  active  area)  at  which  the  bio-electric 
current  traversing  the  resting  area  has  an  intensity  sufficient  for  stimu- 
lation must  decrease  (other  conditions  being  equal)  as  the  conductivity 

*'  The  fact  that  stretching  a  nerve  (within  moderate  limits)  leaves  its  rate  of 
transmission  unaltered  (96),  (97)  probably  has  a  similar  significance.  Excitation 
is  always  being  initiated  in  the  resting  region  of  the  nerve  by  the  current  of  the 
local  active-resting  circuit  up  to  a  certain  distance  in  advance  of  the  already 
active  area;  on  the  present  theory  this  is  the  distance  at  which  the  strength  of 
the  current  where  it  traverses  the  surface-film  just  reaches  threshold  value,  and 
is  determined  by  the  electric  resistance,  i.e.,  the  length,  of  a  column  of  solution 
extending  beyond  the  active  area  for  the  distance  in  question. 
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of  the  local  circuit  is  decreased ;  this  implies  a  corresponding  decrease  in 
propagation-velocity.  One  reason  whj-  the  presence  of  salts  in  the 
tissue  media  of  higher  animals  is  essential  is  probably  that  they  furnish 
the  electrical  conductivitj^  without  which  rapid  transmission  would  be 
impossible.  The  further  fact,  already"  cited,  that  the  speed  of  propaga- 
tion exhibits  a  close  correlation  with  the  rate  at  which  the  local  variation 
of  potential  rises  to  its  maximum,  also  indicates  that  propagation  is 
determined  by  the  current  of  the  local  active-inactive  circuit.  The 
more  rapidly  this  current  comes  into  existence,  the  more  rapid  must  be 
its  secondarj-  stimulating  effect  in  adjoining  areas  and  the  more  rapid 
the  consequent  transmission  (28). 

One  further  fact  of  much  theoretical  interest  is  that  the  phenomenon 
of  transmission  with  decrement,  briefly  described  above  for  nerve,  is 
exhibited  in  essentially  the  same  form'  in  the  passive  iron  model  as  in 
the  living  tissue  (37).  This  type  of  transmission  is  shown  immediately 
after  the  wire  has  undergone  complete  activation  in  strong  HNO3 
(e.g.  >  1.25)  and  has  reverted  to  the  passive  state;  a  certain  time  is 
then  required  for  the  recovery  of  complete  transmissivity ;  at  first  an 
activation-wave  initiated  at  any  point  travels  slowly  and  for  only  a 
limited  distance  along  the  wire;  by  degrees  both  the  rate  and  distance 
of  transmission  increase,  and  eventually — e.g.,  in  75  per  cent  HNO$ 
(sp.  gr.  1.42)  after  about  10  minutes  (at  20*) — the  wire  transmits  for  an 
indefinite  distance  as  before.  Evidently  the  condition  of  the  newly 
formed  passivating  surface-film  is  such  that  it  is  less  readily  and  com- 
pletely altered  or  removed  by  the  current  of  the  local  circuit  than  a 
film  which  hius  been  exposed  to  the  acid  for  some  time.  If  the  analogy 
with  protoplasmic  transmission  applies  also  to  the  conditions  determin- 
ing tranHmis-sion  with  decrement,  it  is  to  ho.  inferred  that  the  action  of 
any  agent,  e.g.,  an  anesthetic,  which  converts  unlimited  transmission 
in  a  living  system  (such  as  nerve)  into  transmission  with  decrement, 
depends  uix)n  its  altering  the  properties  of  the  protoplasmic  surface- 
film  in  some  definite  manner.  On  the  theory  that  the  normal  properties 
of  the  irritable  living  system,  especiftUy  the  normal  susceptibility  to 
electrical  stinuilation  and  tin?  <leiM»ndcnl  properly  of  transmitting 
I'xcitution-Wttvcs,  uw  (i(>tennine(l  by  the  properties  of  tli(?  surface-lilms, 
we  xlunild  exi)cct  tluit  \\\\vn  by  any  means  the.se  structures  are  rendered 
lexM  alterablr  than  In-fore,  i.e.,  Ktabilizfd,  by  the  .net ion  of  some  physical 
or  rhcinical  agj-nt,  activation-wavcK  will  fail  to  be  tran.smitted  freely 
and  the  HyHtem  as  a  whole  will  then  exhibit  it.s(>]f  as  non-irritable. 
HcvcTMibli'  i-fTcf'tH  of   this  kind  apparently   t'liu   ili<    bjisis  of  anes- 
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thesia.  narcosis,  and  similar  reversible  inhibitions  or  suspensions  of 
irritability.^^ 

Elsewhere  I  have  attempted  a  more  detailed  comparison  between  the 
phenomena  of  activation,  transmission  and  recovery  in  the  living  system 
and  in  the  passive  iron  model  (37).  To  the  electrochemist  the  possi- 
bility of  such  a  comparison  may  seem  doubtful,  because  in  all  artificial 
systems  hitherto  constructed  in  which  electric  currents  are  produced  by 
chemical  action — and  in  which  conversely  chemical  action  is  produced 
by  the  passage  of  a  current — an  essential  condition  appears  to  be  the 
combination  of  both  metallic  and  electrolytic  conductors,  so  arranged 
as  to  form  a  complete  circuit.  Chemical  action  is  confined  to  the 
regions  where  electricity  passes  between  the  one  type  of  conductor  and 
the  other — i.e.,  to  the  layer  of  molecules  at  the  boundary-surface. 
Living  protoplasm  presents  conditions  similar  to  these  in  some  respects 
and  widely  difi'erent  in  others.  No  metallic  phase  is  present ;  the  essen- 
tial arrangement  appears  to  be  a  combination  of  electrolytic  conductors 
partitioned  by  thin  semi-permeable  films  consisting  essentially  of  chemi- 
cally alterable  colloidal  material.  Yet  chemical  reactions  are  produced 
in  this  system  by  the  passage  of  electric  currents;  and  in  its  normal 
activity  the  system  gives  rise  to  electric  currents.  The  bio-electric 
potentials  are  small  {ca.  0.05  to  0.1  volt)  in  the  case  of  single  cells,  but 
they  may  be  summed  when  the  elements  are  superposed,  as  exempli- 
fied especially  in  the  electric  fishes.^^ 

If  in  reality  the  conditions  determining  the  electrical  behavior  of  the 
living  and  the  non-living  systems  are  fundamentally  of  the  same  kind, 
it  would  appear  necessary  to  assume  that  the  semi-permeable  films  of 
living  protoplasm  behave  in  some  way  as  conductors  of  the  first  class. 
There  seems  to  be  no  theoretic  impossibility  in  this,  and  investigation 
of  the  electrical  conductivity  of  the  water-insoluble  compounds  present 
in  these  films  {e.g.,  lipoids,  certain  proteins,  Ca-soaps)  might  j'ield 
important  results,  although  it  is  improbable  that  such  substances  have 
more  than  the  low  conductivity  usual  with  organic  compounds  of  this 

22  The  evidence  that  these  conditions  depend  primarily  upon  alteration  of 
the  protoplasmic  surface-films  or  plasma-membranes  is  summarized  in  my  review, 
The  Theory  of  Ajiasthesia  (84). 

*'  For  summation  of  bio-electric  potentials  cf.  Brunings  (85).  The  essential 
structural  peculiarity  of  the  electric  organ  is  the  arrangement  of  the  elements 
(plates,  discs)  in  series,  with  the  innervated  and  non-innervated  surfaces  of 
successive  elements  adjoining  each  other.  This  seems  to  be  a  clear  indication  of 
the  electrode-like  properties  of  the  surface-layers.  Cf.  Bernstein  (86)  for  a 
fuller  account  and  literature;  also  Gotch  (87),  Biedermann  (88),  Garten  (89a). 
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type  (oils,  rubber,  etc.)-  ^\Tiat  is  of  cUef  phj^siological  interest  is  the 
e\'idence  that  the  primary  effects  of  electrical  stimulation  are  at  the 
protoplasmic  boundary-surfaces;  apparently  it  is  because  of  the  chemi- 
cal effects  there  produced  by  the  current  that  the  surface-films  undergo 
alteration  (of  permeability,  electrical  polarization,  physical  consistency, 
etc.)  during  stimulation  and  transmit  waves  of  chemical  change  to  a 
distance.  The  above  difficulty  largely  disappears  if  we  assume  that  the 
distinction  between  conduction  in  a  mass  of  metal  and  conduction 
across  a  partition  of  "non-conducting"  material  loses  its  importance 
when  the  material  is  in  a  sufficienth'  thin  layer.  Such  an  assumption 
is  not  merel.v  arbitrar}-,  since  it  is  probable  that  all  substances,  even 
water,  have  some  degree  of  "metallic"  conductivity;  hence  conduction 
through  a  layer  of  oil  only  a  few  molecules  in  thickness  need  meet  with 
no  more  resistance  than  conduction  through  a  thick  layer  of  carbon, 
metal,  or  other  conductors  of  the  first  class.  The  conditions  at  the 
contact  of  such  a  thin  film  of  "non-conductor"  with  an  electrolyte 
solution  during  the  passage  of  a  current  between  the  two  would  then 
be  essentially  the  same  as  at  the  surface  of  a  metallic  electrode.  What 
is  essential  is  that  a  current  should  pass  across  the  boundary  between 
the  two  conductors. 

In  electrolysis  the  chemical  reaction  is  confined  to  the  layer  of  mole- 
cules at  the  boundary,  where  electrons  are  transferred  between  the  phases. 
As  regards  the  electrochemical  processes  occurring  at  the  boundary 
region  it  is  a  matter  of  indifference  whether  conduction  in  the  interior 
of  either  phase  is  metallic  or  electrolytic;  this  can  readily  be  seen  if 
we  imagine  the  metallic  phase  reduced  to  the  thickness  of  a  few  mole- 
cules; only  the  surface  molecules  are  concerned  in  the  chemical  process 
in  any  case.  Adsorption  films  of  oil  or  similar  material  need  be  only 
one  or  two  molecules  thick  (89);  and  in  living  matter  adsorption  is 
undoubtedly  one  of  the  chief  preliminaries  to  chemical  reaction  (90). 
To  explain  the  behavior  of  living  matter  with  reference  to  the  chn-tric 
current,  therefore,  it  .seems  only  necessiu-y  to  lussume  that  the  chemically 
reactive  material  is  present  as  an  adsorbed  layer  of  molecular  thickness 
at  the  surface  of  a  thin  continuous,  water-insolul)le  film,  having  a  con- 
ducting aqueouH  phaKC  (salt  solution)  on  either  side.  The  ptussage  of  a 
current  across  such  a  film  would  be  attended  with  chemi(;al  alteration, 
and,  conversely,  chemical  alteration  {e.g.,  oxidation  of  tlu^  film  malcriul) 
would  yield  a  current.  Tlu-  pla.sma  inoinbrane,  t/Ogclln^r  witli  the 
internal  protoplasm  and  external  medium  adjoining,  apparently  repre- 
sents an  arrangement  of  this  ty|)e. 
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On  the  other  hand,  if  the  hving  system,  in  its  current-producing  and 
electrosensitive  capacity,  represents  a  special  type  of  electric  cell  as 
yet  unknown  to  electrochemistry,  we  ought  to  be  able  to  synthesize 
such  cells  artificially,  instead  of  depending  on  the  processes  of  organic 
growth  to  synthesize  them  for  us.  It  seems  difficult  to  believe,  in  view 
of  the  detailed  nature  of  the  above  parallels,  that  the  living  and  the 
non-living  systems  are  fundamentally  dissimilar  in  the  conditions  deter- 
mining the  relations  between  electric  circuits  and  chemical  change. 
There  is  in  fact  nmch  evidence  that  under  certain  conditions  the  passage 
of  electric  currents"  across  inorganic  semi-permeable  membranes  (pre- 
cipitation-memljranes)  is  attended  with  chemical  change  (91). ^^  The 
related  facts  of  electrostenolysis  (92)  also  show  that  metallic  conductors 
are  not  necessary  for  the  production  of  electrochemical  effects.  The 
more  complete  determination  of  the  conditions  underlying  the  elec- 
trical sensitivity  and  current-producing  capacity  of  living  matter  must, 
however,  await  further  investigation. ^^ 

"  An  apparently  similar  effect  is  seen  at  the  nuclear  membrane  of  blood  cor- 
puscles in  the  indophenol  oxidation  reaction;  the  granules  of  oxidation-product 
are  deposited  most  rapidly  at  the  nuclear  surface,  and  their  formation  is  accel- 
erated by  induction-shocks  (98). 

*"'  A  complete  discussion  of  this  problem  is  not  possible  here.  Its  essentials 
may  be  defined  briefly  as  follows.  The  surface  of  the  living  cell  and  the  surface 
of  a  metallic  electrode  have  certain  conditions  in  common,  such  that  the  passage 
of  an  electric  current  between  either  and  the  adjoining  electrolyte  solution  is 
attended  with  chemical  change  in  the  substances  at  the  interface.  In  the 
metal-electrolyte  combination  the  carriers  of  electricity  (electrons  and  ions 
respectively)  are  different  in  the  two  phases,  and  each  phase  is  impermeable  to 
the  carriers  of  the  other  phase.  But  with  a  sufficiently  steep  fall  of  potential 
across  the  boundary  and  a  complete  circuit  (not  compensated),  electrons  are 
transferred  between  the  metal  and  the  ions  or  molecules  in  contact;  in  other 
words,  a  current  flows  between  solution  and  metal,  and  the  molecules  or 
ions  which  lose  or  gain  electrons  undergo  con-esponding  chemical  change. 
The  chemical  rearrangement  may  involve  either  decomposition  or  synthesis, 
oxidation  or  reduction,  of  particular  compounds,  according  to  circumstances. 
In  the  living  cell  also  the  surface  is  impermeable  to  the  carriers,  i.e.,  a  semi- 
permeable film  is  interposed  between  medium  and  internal  protoplasm;  this 
condition  allows  a  P.D.  to  exist  across  the  cell-surface.  The  film  between 
the  two  electrolyte  solutions  (intra-  and  extra-cellular)  is  thin  and  the  fall  of 
potential  across  the  cell-surface  correspondingly  steep;  hence  when  a  current 
passes  the  conditions  are  not  essentially  different  from  those  at  the  metallic 
surface;  i.e.,  there  is  transfer  of  electrons  between  molecules  and  ions  at  the 
interface,  with  associated  chemical  change.  If  this  reasoning  is  correct,  we 
may  conclude  that  the  transition  from  a  metallic  to  an  electrolytic  conductor 
furnishes  the  same  conditions  (as  regards  the  effects  produced  by  passing  a 
current)  as  the  transition  from  one  solution  to  another  across  a  thin  semi- 
permeable membrane. 
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ON  THE  ORIGIN  OF  THE  CELLS  OF  THE  BLOOD 

FLORENCE  R.  SABIN 
From  the  Department  of  Aruitomy,  Johns  Hopkins  University 

The  history  of  the  development  of  our  knowledge  of  the  blood  centers 
around  two  opposing  theories,  and  nowhere  in  medicine  can  there  be 
made  a  more  interesting  analysis  of  the  value  of  constructive  theories, 
whether  right  or  ^^Tong,  in  the  advance  of  science.  No  fact  is  better 
known  than  that  the  foundation  of  our  knowledge  of  blood  was  made  by 
Ehrlich.  His  introduction  of  the  method  of  a  chemical  analysis  of 
cells  by  means  of  dyes  made  modern  hematologj^  possible.  Ehrlich 
divided  the  white  cells  of  the  blood  into  the  granular  or  leucocytic 
forms  and  the  non-granular  or  lymphocytic  types. 

In  the  leucocyte  EhrUch  found  five  specific  types  of  granulations, 
only  three  of  which  occur  in  human  blood:  first,  the  a  or  oxyphilic, 
eosinophilic  granule,  which  is  large,  refractive,  uniform  in  size,  round  as 
in  human  blood,  or  in  long  rods  as  in  birds;  second,  the  /3  or  amphophilic 
granule  having  the  power  to  bind  a  chromophiUc  radicle  from  either  a 
basophilic  or  an  acidophilic  dye.  This  type  of  granule  is  found  in 
young  cells,  never  in  the  adult  forms.  Third,  the  7  granulation  which  is 
the  metachromatic,  basopliilic  granule  of  the  mast  cell;  fourth,  the  8 
granule  which  is  tnily  basopliilic  and  is  not  found  in  luiman  lilood, 
and  fifth,  the  t  or  neutrophilic  granulation.  This  is  the  fine  granulation 
which  in  human  blood  is  ncutrophiUc,  showing  best  in  the  Ehrlich 
tria^nd  mixture,  and  in  May-Giemsa  stain.  In  some  animals  the  fine 
granulation  is  faintly  eosinoiihilic  insteatl  of  neutropliilic  aiul  is  tenned 
pBeudo-cosinophilic. 

Ehrlich  saw  in  the  affinity  of  these  difTcrent  granule's  for  sj^ecific  tyjies 
of  dycH  an  rxpression  of  a  true  chcinical  n'action  and  an  iiuUcalion  of 
the  divinion  of  the  cells  into  specific  functional  groups. 

Since  Ehrlich's  work  it  has  b<«en  sliown  that  e()siii<)i)hili('  granules  liave 
a  lipoidfU  envcloix?  which  stains  in  certain  biusophilic,  vital  dyes.  In 
1902  MichaeliH  and  WolfT  (41)  discovered  that  there  is  another  type  of 
granulr,  Htninable  in  azur  whicliis  to  l)e  found  in  lynii)h<)cyt('s.  In 
both  of  the  great  mfnlern  atlases  of  blood,  luunely  Pappcnhcini  (55) 
(66)  and  Fcrrata  (20),  only  certain  lymphocytes  are  shown  with  granules, 
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and  yet  I  think  that  granules  can  be  made  out  in  all  living  lymphocytes 
though  often  not  more  than  two  or  three  to  a  cell.  This  granule  is 
metachromatic  and  Michaelis  and  Wolff  thought  that  this  granule  was 
characteristic  of  the  large  mononuclear  forms  andthetransitionalsaswell, 
but  NaegeU  (51),  (52)  showed  that  the  large  mononuclear  cells  and  the 
transitionals  belonged  together  in  one  group,  the  monocytes,  in  having 
a  granule  which  is  not  identical  with  the  azur  granule  of  the  lympho- 
cyte. At  first  (1909)  he  thought  that  the  granule  of  the  monocytes  was 
neutrophihc  allying  the  cells  with  the  myeloid  forms,  but  later  (1912) 
he  found  that  their  granule  is  neither  azurophiHc  nor  neutrophilic.  It 
differs  from  the  azur  granule  chemically  because  it  gives  the  oxydase 
reaction  while  the  granule  of  the  lymphocyte  does  not.  The  oxydase 
reaction  was  introduced  by  Winkler  (69),  and  consists  in  producing 
idophenol  blue  in  cells  that  have  a  specific  ferment  to  synthesize  the 
dye  from  alphanaphthol  and  dimethylparaphenylendiamin.  This 
ferment  is  in  the  granules  of  the  leucocytes  and  monocytes  but  not  in 
the  lymphocytes. 

Ehrlich's  classification  then  led  to  six  types  of  white  cells,  the  neutro- 
philic, eosinophilic  and  basophihc  leucocytes,  the  small  lymphocytes 
with  which  were  included  certain  interaiediate  forms,  the  large  lympho- 
cytes or  mononuclear  forms  and  the  transitionals.  The  studies  on  the 
blood  since  the  time  of  Ehrlich  have  led  up  to  a  classification  of  the 
white  cells  into  three  groups;  first  the  leucocytes  with  their  three 
different  cells;  second  the  monocytes,  with  two  different  types,  large 
mononuclear  forms  and  the  so-called  transitional  cell  and  third,  lympho- 
cytes. By  this  classification  I  mean  to  indicate  specificaUy  the  absence 
of  any  transitions  between  the  cells  of  the  three  main  groups,  leucocytes, 
monocytes  and  lymphocytes. 

In  the  studies  of  blood  and  bone  marrow  made  by  Ehrlich  and  follow- 
ing his  work,  three  problems  dominated.  First,  the  question  of  how 
primitive  nucleated  red  cells  became  the  non-nucleated  red  blood  cor- 
puscles, through  tracing  the  young  erythroblasts  with  large  nuclei 
having  comparativelj^  little  chromatin,  through  the  stages  of  the  normo- 
blast with  a  smaller  nucleus  which  becomes  gradually  pycnotic  to  the 
stage  of  the  extrusion  of  the  nucleus.  Secondly,  the  study  of  how  the 
various  types  of  myelocytes  in  the  bone  marrow  became  the  three  types 
of  leucocytes  by  the  gradual  change  of  their  oval  nuclei  into  the  charac- 
teristic polymorphic  types.  Thirdly,  the  question  of  the  origin  of  blood 
platelets.  In  connection  with  platelets  it  is  now  generally  recognized 
that  Wright  has  demonstrated  that  they  are  fragmented  parts  of  the 
cytoplasm  of  the  megalocaryocytes  of  the  bone  marrow. 
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The  work  of  Ehrlich  on  anemias  and  leukemias  led  him  to  separate 
the  two  great  groups  of  blood-forming  organs  of  the  adult,  namely,  the 
bone  marrow  and  the  lymph  glands;  the  bone  marrow  giving  rise  to 
ei-j^hrocytes  and  the  myelocytes  as  forerunners  of  the  leucocytes  while 
the  Ijinph  glands  give  rise  to  lymphocytic  forms.  In  this  system  the 
spleen  gives  lymphocj-tes  normally  but  readily  returns  to  its  embryonic 
myeloid  function  as  a  compensatory  reaction  in  disease.  This  is  the 
so-called  duaUstic,  or  more  strictlj''  polj-phyletic  theory  of  the  origin  of 
blood  associated  with  the  name  of  Ehrlich,  and  later  with  NaegeU, 
Schridde,  Morawitz  and  others.  This  theory  postulates  that  there  are 
different  stem  cells  for  the  reds,  for  the  leucocytes  and  the  lymphocytes 
and  that  they  are  located  in  specific  places  in  the  adult. 

It  is,  I  think,  exceedingly  interesting  that  though  it  may  well  prove 
that  the  Ehrlich  doctrine  is  nearer  to  the  truth  than  the  more  modern, 
monophyletic  theor>',  it  cannot,  I  believe,  be  questioned  that  most  of 
the  progress  in  the  subject  of  the  blood  since  Ehrlich  has  been  made 
under  the  monophyletic  theory.  A  list  of  the  chief  names  associated 
with  the  theorj'  will  prove  this:  Dominici,  Pappenheim,  Weidenreich, 
Maximow,  Danchakoff,  Ferrata. 

The  foundation  of  the  monophyletic  school  was  laid  in  the  discoveiy 
that  there  can  be  found  for  each  type  of  cell  in  the  blood — the  eiythrocyte, 
as  well  as  for  every  type  of  white  cell — a  primitive  cell  with  basophilic, 
azurophilic  cj'toplasm.  Thus  we  pass  into  a  period  in  which  the  study 
of  cytoplasm  was  stressed  more  than  the  nuclei.  The  identification  of 
this  primitive  cell  as  a  common  stem  cell  or  hypothetical  hcmatoblast 
is  then  the  standpoint  of  the  monophyletic  theory.  The  first  clear  ac- 
count of  such  a  primitive,  basopliilic  cell  Jis  a  general  stem  cell  is  to  be 
found  in  a  pajxT  of  Pappenheim  (53),  in  whidi  he  calls  attention  to  the 
fact  that  Ehrlich  had  noted  that  young  myelocytes  had  a  basophilic 
cytoplasm  while  the  only  stainable  substance  of  tlu;  cytoplasm  of  their 
descendants,  the  leucocytes,  was  the  siK'cifit'  granulation.  Pappenheim 
discovered  a  primitive  stem  cell  with  biusopliilic  cytoplasm  as  a  fore- 
nmnor  of  erythrobhusts  and  itlentified  tlii.s  i)riinitive  cell  as  a  large 
lympho(;yt<'.  The  working  out  of  this  theory  has  (lepond(<d  on  the 
development  of  a  new  series  of  stains  for  blood,  all  modifications  of  the 
Iloinanowski  eosin-methylene  blu(^  stain,  namely,  the  cntin?  group  of 
azur  dycM*,  the  Gicmsa  stain  and  all  its  modilications,  May-Cliemsa, 
May-GrUnwalt,  Wright,  Jenner,  Wilson,  etc.  Azur  is  an  oxidation 
product  of  metliylem*  blue.  Azur  II,  wliicli  is  the  bjusis  of  these  stains 
is  a  mixture  of  mcthvlen«'  blue  and  azur.     The  rlcarest  account  of  these 
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methods  is  to  be  found  in  Naegeli's  book,  Blutkrankheiten  und  Blut- 
diagnostic. 

The  best  account  of  the  embryology  of  the  blood,  from  the  stand- 
point of  the  monophyletic  school,  is  to  be  found  in  the  work  of  Dan- 
chakoff  (6)  for  birds  and  Maximow  (35),  (36)  for  mammals.  Both  use 
the  eosin-azur  stain  after  fixation  in  zenker-formol,  and  section  the 
embryos  in  celloidin.  Madame  Danchakoff  finds  that  the  original 
blood  cell  is  a  "primitive  stem  cell"  derived  from  the  blood  islands 
which  is  neither  to  be  identified  as  a  red  nor  as  a  white  cell.  This 
primitive  cell  develops  first  within  the  vessels  and  subsequently  extra- 
vascularly  and  in  part  from  endothelium.  At  the  stage  of  eighteen 
somites  in  the  chick  part  of  these  primitive  cells  have  become  erythro- 
blasts  so  that  she  finds  in  the  vessels  two  types  of  cells,  namely,  the 
primitive  lymphocytes  and  the  erythroblasts.  On  the  end  of  the  fourth 
day  of  incubation  the  granulocytes  differentiate  from  an  extra^vascular 
stem  cell,  so  that  the  stem  cell  within  the  vessels  gives  erythroblasts, 
while  the  stem  cell  without  the  vessels  gives  the  granulocytes.  The 
essential  conclusion  of  Madame  Danchakoff's  work  rests  on  these 
facts,  that  she  has  discovered  that  the  red  cells  of  the  chick  arise  within 
the  vessels,  while  the  granulocytes  arise  outside  the  vessels.  The  cells 
from  which  these  two  groups  of  blood  cells  come,  look  alike  and,  being 
regarded  as  identical,  she  concludes  that  a  common  stem  cell  gives  one 
or  the  other  group  according  to  its  environment.  Her  four  plates  give 
beautiful  figures  of  all  of  the  stages  in  the  differentiation  of  erythrocytes, 
fi-om  the  first  appearance  of  hemoglobin  through  the  stages  of  poly- 
chromasia,  which  is  the  name  to  express  that  in  the  eosin-azur  dyes 
basophilic  cytoplasm  stains  blue  and  hemoglobin  stains  red  and  both 
show  at  the  same  time  in  the  same  cell. 

Maximow  (35),  (36)  has  given  the  best  and  most  complete  account  of 
developing  blood,  using  mammalian  forms.  He  finds  that  the  first 
blood  cells  of  mammals  develop  within  the  vessels  of  the  embryonic 
membranes  as  do  those  of  the  chick;  that  the  primary  cells  are  first 
lymphocytes,  then  erythroblasts.  He  notes  the  very  close  relationship 
of  endothehum  to  the  blood  cells  but  thinks  that  the  endothelium  gives 
rise  only  to  indifferent  stem  cells.  Subsequently  the  formation  of  blood 
goes  on  within  the  embryo  and  in  the  mammal  he  thinks  becomes  en- 
tirely extra-vascular.  Thus  he  thinks  that  there  are  two  groups  of 
erythrocytes,  the  primitive  intrar-vascular  forms  that  disappear,  and  the 
definitive  extra-vascular  group  that  is  permanent. 

He  finds  that  the  formation  of  blood  within  the  embryo  is  at  first  dif- 
fuse, the  cells  differentiating  from  the  mesenchyme  in  many  places. 
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notably  in  the  region  of  the  head;  subsequently  becoming  localized  in 
the  liver,  in  the  spleen,  and  finally  in  the  bone  marrow.  Maximow 
believes  in  a  large  l\Tnphoc>i;e  as  a  common  stem  for  all  the  blood 
cells.  He  finds  that  the  marked  difference  between  the  chick  and  the 
mammal  lies  in  the  extra-vascular  origin  of  the  red  cells  in  the  latter, 
in  all  but  the  earhest  stages.  The  extra-vascular  origin  of  the  red 
cells  in  mammalian  bone  marrow  is  now  regarded  as  proved  and  is  gener- 
ally accepted.  It  rests  on  this  work  of  Maximow  and  on  the  studies  of 
Mollier  (43)  on  the  development  of  blood  in  the  liver.  In  connection 
\ntJt\  the  work  of  MoUier  it  can  be  shown  from  his  own  figures  that  the 
extra-vascular  spaces  he  describes  may  just  as  well  be  interpreted  as  a 
part  of  the  lumen  of  the  developing  vessels  in  the  light  of  our  present 
knowledge  of  the  differentiation  of  blood  vessels  from  a  vasofomiative 
cell,  the  angioblast.  In  connection  with  the  origin  of  red  cells  in  bone 
marrow,  we  have  been  up  until  now  without  complete  knowledge  of  the 
anatomy  of  the  vascular  system  in  that  organ.  It  has  been  shown  in 
some  work  by  C.  A.  Doan,  in  this  laboratory,  soon  to  be  published, 
that  there  is  a  verj''  extensive  plexus  of  collapsed  capillaries  in  the  adult 
bone  marrow  of  the  pigeon.  Thus  the  subject  of  the  origin  of  red  cells 
in  bone  marrow  must  now  be  re-studied  in  the  light  of  this  better  under- 
standing of  the  stnicture  of  the  organ. 

In  1907,  Maximow  (38)  followed  the  evolution  of  bone  marrow  by 
stimulating  the  formation  of  bone  and  marrow  in  the  kidney  by  tying 
off  the  renal  vessels  in  the  adult  ral)bit.  By  this  exporiniont  he  obtained 
a  marrow  much  more  simple  than  that  of  normal  development  and  one 
in  which  it  was  easy  to  follow  the  stages,  which  are  a  preliminary 
dilatation  of  the  .small  veins  giving  a  slowing  of  the  circulation  and  the 
subsotiucnt  differentiation  of  the  various  iypos  of  colls  from  a  baso- 
philic stem  coll.  The  earliest  identifiable  red  cell  he  calls  a  megalo- 
bla«t,  which  has  a  very  large  pale  nucleus,  then  an  er>'thr()blast  and 
finally  an  cr>'throcj'te.  He  gives  a  careful  description  of  the  evolution 
of  each  type  of  cell  and  an  especially  clear  account  of  the  differentiation 
of  the  granulocyt<'H  by  a  gradual  increase  in  the  specific  granulation  in 
a  primitive,  banophilic  stem  cell. 

The  prcHcntation  of  the  monophylctic  theory  has  been  the  life  work 
of  Pappcnhcim  in  Germany  and  of  Ferrata  in  Italy.  In  1005  to  1012 
Papp(*nhciin  published  his  well-known  athis,  and  since*  Pajiix'nheim's 
dentil  the  Folia  Hneinatologia  (5(^)  has  published  his  final  monograph 
which  OOVOrs  the  entin*  field  of  henwitolgoy. 

'Vhe  pretentation  of  the  various  forms  of  the  blood  cells  in  the  adult 
and  in  development  a»  they  can  Ix*  seen  in  the  a%ur-<>osin  technique,  in 
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normal  and  pathological  states  in  these  two  atlases  and  the  two  papers 
of  Maximow  and  Danchakoff,  cannot  be  surpassed.  The  monograph 
of  Pappenheim  covere  completely  all  the  known  facts  of  blood  and  is  a 
real  mine  of  accurate  information  but  made  excessively  abstruse  by 
countless  genealogies  of  blood  cells  which  I  think  are  all  based  upon  a 
misconception  of  the  origin  of  blood.  With  the  elimination  of  Pappen- 
heim's  hypothetical  "  lymphoidocyte "  all  of  this  complexity  would 
disappear  and  this  complexity  could  indeed  drop  out  without  detracting 
from  his  achievement.  The  work  of  Pappenheim  in  founding  the 
monophyletic  school  and  in  tracing  the  maturation  of  individual  blood 
cells  has  led  and  dominated  hematology  since  the  work  of  Ehrlich. 

The  atlas  of  Ferrata  (20)  also  covers  the  whole  field  of  modern  hema- 
tology. He  brings  out  further  stages  of  the  evolution  of  the  specific 
types  of  blood  cells  as  a  completion  of  the  main  contribution  of  the 
monophyletic  school.  His  first  ten  plates  cover  the  maturation  of  the 
red  blood  cells  most  completely  and  beautifully.  He  has  worked  out 
the  changes  in  the  azurophihc  cytoplasm  leading  up  to  basophilic 
punctation  in  experimental  lead  poisoning.  The  most  important  sec- 
tion of  his  book  is  the  one  in  which  he  deals  with  the  relation  of  the 
blood  cells  to  the  connective  tissues  in  general,  a  subject  of  great  interest, 
as  will  appear  later. 

To  sum  up  the  work  of  the  monophyletic  school,  they  have  shown 
that  the  original  cell  of  each  series  of  the  blood  cells  has  a  basophilic 
cytoplasm  staining  especially  in  azur;  they  have  given  us  a  complete 
and  accurate  histoiy  of  each  specific  cell;  they  have  shown  that  the 
erj'throcyte  begins  as  a  cell  with  basophilic  cytoplasm  in  which  the 
acidophilic  hemoglobin  gradually  appears  so  that  the  young  cells  have 
a  stage  when  both  substances  stain,  called  polychromasia,  which  is 
gradually  succeeded  by  the  ripe  forms  in  which  the  only  stainable 
substance  is  the  acidophilic  hemoglobin.  They  have  described  more 
fully  the  stages  in  which  granulocytes  begin  by  a  development  of 
specific  granulation  in  a  primitive  basophilic  cytoplasm  and  finally  in 
their  beautiful  atlases  of  Uthographic  plates  have  illustrated  the  entire 
range  of  variation  of  the  three  types  of  white  cells,  namely  the  lympho- 
cj'tes,  the  granulocytes  (leucocytes)  and  the  monocytes.  The  lympho- 
cytes include  all  the  small  lymphocytes  and  the  older  cells  up  to  those 
about  twice  the  size  of  the  small  cell.  The  monocytes  include  the  veiy 
large,  pale,  mononuclear  forms,  and  all  of  the  transitional  forms  of 
Ehrlich.  The  actual  separation  of  monocytes  (histiocytes)  as  a  specific 
functional  group  is  due  to  Aschoff  and  Kiyono.     The  monophyletic 
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school  have,  I  believe,  made  a  mistake  in  the  identification  of  the 
hinphocj-te  or  a  h-mphocj-te-hke  form,  as  a  common  stem  cell.  It  is, 
I  think,  imquestionabh'  true  that  the  primitive  stem  cells  of  the  different 
groups  of  blood-cells  cannot  be  separated  in  fixed  specimens  even  with 
the  most  perfect  technique,  but  I  think  that  these  stems  can  be  ana- 
lyzed with  the  method  of  vital  staining. 

Naegeli  has  been  the  leader  of  the  poh^jhyletic  school  since  the  time 
of  EhrUch,  and  I  think  that  it  is  fair  to  say  that  in  spite  of  the  brilliance 
and  the  dominance  of  the  monophyletic  school,  the  idea  first  indicated 
by  Naegeli  of  classifying  the  white  cells  of  the  blood  into  three  groups, 
leucocj'tes,  monocj'tes  and  lymphocj'tes,  has  been  used  continuously  in 
the  clinical  study  of  blood,  the  reason  for  which  now  being  clear,  that 
this  classification  is  functional. 

Clastnatocytes.  We  are  at  the  present  time  in  the  beginning  of  the 
experimental  phase  of  hematolog}\  As  soon  as  we  pass  into  this  phase 
it  becomes  clear  that  blood,  both  embrj-^ologically  and  functionally, 
must  bo  considered  as  a  part  of  the  larger  subject  of  the  connective 
tissues.  The  beginning  of  the  experimental  analysis  of  the  connective 
tissues  was  made  by  the  Russian,  Maximow,  one  of  the  greatest  of 
modem  histologists.  The  first  step  was  in  some  experiments  on  rabbits 
published  in  1901-02  in  which  he  introduced  two  sterile  cover-slips 
under  the  skin  in  rabbits  and  found  that  leucocytes  were  the  first  cells 
to  wander  between  them;  then  followed  a  specific  type  of  cell  which  he 
called  a  clasmatocyte  and  for  nineteen  hours  only  these  two  cells  were 
present  and  it  was  not  until  later  that  typical  fibroblasts  appeared. 
Thus  he  showed  that  in  the  main  there  arc  two  distinct  strains  of  cells  in 
the  subcutaneous  tissue,  clasmatocytes  and  fibroblasts.  Four  years  later 
he  defined  the  clasmatocyte  more  specifically  by  the  use  of  a  vital  dye, 
neutral  red.  If  living  connective  tissue  be  stained  with  1  per  cent 
neutral  red,  all  the  cells  will  be  killed  and  all  will  stain,  but  if  the  dye 
is  used  in  the  strength  of  1  to  10,000,  and  injected  into  the  blood 
vessels,  only  the  clasmatocytes  will  react  and  thus  they  stand  out  most 
clearly.  The  clttsmatocyte  is  a  cell  with  an  oval  nucleus  that  is  smaller 
and  stains  more  int<'n.s<»ly  than  that  of  a  fibroblast.  The  cell  varies 
in  shape,  is  oval  or  irregular  and  luus  more  definite  contour  than  a 
fibroblast.  Its  cytoplasm  contains  granules  that  stain  with  neutral 
red,  and  mitochoiulria,  and  its  most  distinctive  characteristic  is  certain 
vacUoleM,  which  arc  rc'illy  fluid  p.'irts  (if  the  (•vt()])l:isMi  which  also  slain 
with  neutral  re.  I 

The  next  nU'\i  in  tuir  krio\vlc(lji;c  (if  tin-  clasmatocyte  came  in  the  work 
of  BoufTard  (1)  in  llHMi  and  was  a  by-product.,  as  it  were,  of  experiments 
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in  connection  with  the  treatment  of  trypanosomiasis  by  the  injection  of 
benzidene  dyes.  Ehrlich  had  injected  trypan  red  hypodermically  and 
had  noted  that  the  animals  became  stained.  Following  this  work 
and  that  of  Mesnil,  Bouffard  injected  "Toluidin  and  acid  H,"  and 
found  that  the  dye  was  taken  into  the  blood-stream  from  which  it 
quickly  disappeared  by  being  taken  up  by  the  Kupffer  cells  of  the  liver, 
the  cells  of  the  renal  tubules  and  by  certain  interstitial  cells  (clasma- 
tocytes)  of  organs.  Three  years  later  Goldmann  (22),  directly  through 
the  influence  of  Ehrlich,  took  up  the  method  and  really  established  it 
as  a  method  for  studying  phagocytosis.  He  first  used  pyrrol  blue  and 
later  the  less  toxic  trj'pan  blue  and  gave  a  verj'  searching  analysis  of  the 
reactions  of  the  various  types  of  the  cells  of  the  body  to  these  dyes. 
He  brought  out  shai"ply  that  there  is  a  specific  cell  of  the  connective 
tissues,  which  he  called  the  pyrrol  cell,  that  can  be  clearly  separated 
from  other  cells  by  this  experiment. 

The  method  was  then  used  by  Evans  and  Schulemann  (15),  (16),  (17) 
and  a  very  large  group  of  workers,  with  the  result  that  the  clasmatocyte 
can  now  be  very  accurately  defined.  Evans  and  Schulemann  proved 
that  the  azo  dyes  do  not  stain  any  part  of  the  cytoplasm  but  that  the 
dye  is  taken  into  the  cell  as  particulate  matter  of  specific  size  and  that 
these  granules  are  segregated  and  clumped  in  vacuoles.  Neutral  red, 
used  as  a  vital  dye,  that  is,  in  specific  dilutions,  stains  both  preformed 
granules  in  these  cells  and  the  fluid  in  the  vacuoles.  These  vacuoles 
are  an  organ  of  the  cell  for  segregating  particulate  matter  which  has 
been  called  the  segregation  apparatus  by  Evans  who  gives  all  their 
synonyms,  plasmasomes  by  Ferrata,  the  grains  de  segregation  by 
Renaut,  vacuoles  k  grains  de  segregation  by  Dubmeil  and  purpur 
granula  bj^  Hammer,  dye  sphere  formations  by  Rosin  and  Bibergiel, 
and  more  simply  the  vacuoles  by  Lewis  and  Lewis. 

In  an  extensive  monograph  of  Evans  and  Scott  (18),  which  is  now  in 
press  in  the  Contributions  to  Embryology  of  the  Carnegie  Institution 
of  Washington,  is  given  a  most  complete  and  beautiful  description  of 
the  reaction  of  the  clasmatocytes  on  the  one  side  and  the  fibroblasts 
on  the  other  to  about  200  of  the  known  vital  azo  dyes  in  both  acute  and 
chronic  stages.  Both  clasmatocytes  and  fibroblasts  take  up  the  dye  as 
minute  particles,  the  clasmatocytes  in  greater  amount,  and  the  clas- 
matocytes have  vastly  greater  power  of  clumping  the  particles  into 
larger  masses  and  segregating  these  masses  in  vacuoles.  There  the 
substance  is  either  retained  in  amorphous  clumps  or,  as  Evans  and 
Scott  have  shown,  may  form  beautiful  ciystals.    They  find  that  though 
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in  very  chronic  condition  the  amount  of  the  dye  in  fibroblasts  may  so 
increase  as  even  to  exceed  that  of  the  clasmatocytes  and  that  though 
fibroblasts  develop  an  extensive  segregating  apparatus,  nevertheless 
even  in  these  extreme  conditions  the  cells  do  not  become  identical  and 
can  be  separated  by  the  fact  that  the  clasmatocj-te  gives  up  the  dye 
much  sooner.  This  work  will  live  as  the  standard  for  the  complete 
differentiation  of  these  two  types  of  cells.  Eveiy  student  of  histology 
and  pathologj'  should  see  the  clasmatocyte  after  staining  in  vivo  with 
trj'pan  blue  and  with  the  supra  vital  staining  of  neutral  red.  In  either 
experiment  a  bit  of  the  omentum  or  a  little  of  the  connective  tissue 
around  the  pancreas  gives  a  most  beautiful  demonstration.  The 
differences  between  the  clasmatocytes  and  the  fibroblasts  are  also  most 
clearly  brought  out  in  the  method  of  tissue  culture,  as  shown  bj'  Lewis 
and  Lewis,  for  against  the  deUcate  films  of  fibroblasts  spread  out  in 
one  plane  in  their  preparations,  the  clasmatocytes  show  with  great 
clearness. 

It  is  obvious  that  phagocytosis  is  a  verj'  general  property  of  cells 
and  the  original  experiments  of  Goldmann  gave  a  survey  of  almost 
all  of  the  types  of  cells  that  take  up  these  benzidine  dyes  which  are 
introduced  in  the  form  of  particulate  matter.  The  question  of  the 
reaction  of  leucocytes  to  these  dyes  has  been  an  interesting  one.  It  is 
well  known  that  leucocytes  are  phagocytic,  indeed  vitally  stained  with 
neutral  red  many  of  them  can  be  shown  to  have  a  stainable  vacuole 
but  they  are  found  stained  only  occasionally  after  injections  of  these 
dyes.  Downey  (10)  showed  that  they  were  stained  if  taken  from  an 
occluded  vein  in  which  there  was  dy(^  in  the  plasma  or  if  taken  from  the 
tiflsues  floon  after  a  subcutaneous  injection.  The  question  of  the  re- 
action of  all  of  the  tyix^s  of  the  cells  of  the  blood  to  j^hagocytosis  must 
be  taken  up  in  the  light  of  the  fact  that  it  has  been  conclusively  shown 
that  foreign  particles  remain  in  the  blotni  stream  but  a  short  time. 
Drinker  (11)  has  recently  tested  this  by  using  a  substance,  manganese 
dioxide,  which  can  Ix?  recovered  chemically  and  has  followed  the  iaW.  of 
a  given  do«e  in  the  lx>dy.  He  has  found  tliat  in  most  exjieriments  all  of 
the  partidcH  have  (liMipix.>ared  fn)m  the  blood  in  ciglitcen  niimitos,  and 
that  at  the  end  of  one  hour  90  \x'r  cent  of  the  material  can  be  recovered 
from  the  liver,  the  Hpleen  and  the  lungs.  The  (juestion  is  therefore  one 
of  thf  relative  power  of  cells  in  phagorytosis,  and  there  are  special  cells 
in  these  thruc  organs  which  tK)HH(>HH  this  iH>wer  in  tiie  high(>st  degree. 
Thete  ipedal  odb  arc  all  endotheHal  ccIIm.  It  is  obvious  that  all  of 
the  dye  is  not  permanently  Htored  in  theHi>  s^iecial  endothelial  c(>lls  and 
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the  clasmatocyte  thus  stands  out  as  a  cell  for  storing  particles  over 
long  periods  of  time.  But  in  the  light  of  these  experiments  a  negative 
finding  in  connection  with  the  blood  cells  does  not  prove  that  they 
cannot  take  up  the  dye  since  in  any  experiment  the  dye  is  in  the  blood 
stream  so  short  a  time. 

The  clasmatocyte  has  now  been  most  effectively  discriminated  from 
the  mesothelial  or  serosal  cell  lining  the  pleural  and  peritoneal  cavities 
in  some  experimental  studies  of  Cunningham  (5  a) .  This  relationship 
has  been  the  subject  of  very  extensive  studies,  notably  by  Pappenheim, 
Weidenreich  and  Schott.  Cunningham  has  been  able  to  analyze  the 
reactions  of  serosal  cells  to  various  types  of  stimuli  and  has  found  that 
their  reactions  are  entirely  different  from  those  of  the  clasmatocytes, 
the  fundamental  physiology  of  the  former  being  differentiated  toward 
secretion  while  that  of  the  latter  is  toward  phagocytosis.  In  fact  he 
has  shown  that  the  serosal  cell  is  more  like  a  fibroblast  than  it  is  like  a 
clasmatocyte.  The  serosal  cell  may  take  up  particles  of  dye,  it  may 
become  free,  but  it  does  not  become  a  clasmatocyte.  It  is  clear  that 
modern  histological  studies  depend  on  the  discovery  of  such  specific 
criteria  for  cells  as  to  enable  one  to  distinguish  them  from  all  other  cells 
moreover  these  criteria  are  often  the  kej-^s  for  analyzing  their  functions. 
A  general  survey  of  cells  with  reference  to  these  specific  criteria  is 
being  made  in  the  beautiful  studies  of  li^dng  tissues  by  the  method 
of  tissue  culture  in  the  work  of  W.  H.  and  M.  R.  Lewis. 

The  differentiation  of  the  clasmatocyte  from  all  the  other  types  of 
the  cells  of  the  connective  tissues  is  the  first  step  in  the  newer  work 
in  hematology.  The  clearest  presentation  of  the  idea  of  the  relationship 
of  the  clasmatocyte  to  the  monocytes  of  the  blood  we  owe  to  Aschoff 
and  Kiyono.  They  studied  the  reactions  of  cells  after  the  injection  of 
lithium  carmine  into  the  circulation,  in  fact,  they  say  that  this  procedure 
was  first  introduced  by  Heidenhein.  In  these  experiments  they  found 
that  the  white  cells  which  occur  in  the  thoracic  duct,  that  is  to  say,  the 
lymphocytes,  did  not  take  up  the  granules  of  the  dye  but  that  there  was 
a  group  of  blood  cells  especially  numerous  in  three  places,  the  veins  of 
the  spleen,  the  vessels  of  the  liver  and  the  veins  of  the  extremities, 
which  did  take  up  the  dye  exactly  as  do  the  clasmatocytes  in  the 
experiments  of  Bouffard  and  Goldmann.  The  fact  that  not  all  of  the 
})lood  cells  of  one  type  take  up  such  particles  in  any  one  experiment 
need  no  longer  be  a  confusing  factor  in  the  light  of  the  speed  with 
which  such  particles  are  taken  out  of  the  circulation.  Aschoff  and 
Kiyono  regarded  these  cells  as  of  endothelial  origin,  and  like  the  clas- 
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matoc^-te  of  Maximow  or  the  adventitial  cell  of  Marehand.  They 
caUed  them  histiocj-tes  or  endothelial  leucocytes.  They  therefore 
stressed  the  division  of  the  white  cells  of  the  blood  into  three  types, 
leucocytes,  lymphocj^tes  and  histiocytes  or  monocytes.  At  the  meeting 
of  the  American  Association  of  Anatomists  in  1921,  Simpson  described 
the  ^'ital  staining  of  films  of  human  blood  by  the  Pappenheim  method 
in  which  she  showed  that  the  transitional  cell  of  the  blood  stream  has 
a  vacuole  which  is  identical  with  the  segregating  apparatus  of  the 
clasraatocj'te.  In  some  studies  on  the  differentiation  of  blood  cells  as 
seen  in  the  living  chick  (1921)  I  have  been  able  to  prove  that  the  clas- 
matocj'te  of  the  connective  tissues  and  the  monocyte  of  blood  are  iden- 
tical cells  with  an  identical  origin.  Both  of  them  can  be  seen  to  differen- 
tiate and  become  free  from  the  endothelium  of  capillaries  and  veins  in  a 
Uving  form.  Ferrata's  view  that  the  clasmatoc\'te  may  be  considered 
as  a  stem  cell  does  not  seem  to  me  justified  because  both  cells  are  com- 
pletelj'  differentiated  when  they  break  off  from  the  parent  endothelium. 

The  erythroblasts,  the  first  blood  cells.  In  giving  an  account  of  these 
experiments  with  a  Uving  form  one  should  begin  with  the  orytln-oblasts 
since  they  are  the  first  blood  cell  to  form.  Moreover  since  erythro- 
blasts come  from  angioblasts  and  endothelium  one  must  begin  with  the 
subject  of  the  origin  of  the  angiolilast. 

In  1920  the  writer  (61)  published  an  account  of  a  study  of  the  origin 
of  the  vascular  .«?>'8tem  as  it  can  be  made  out  in  the  living  l)lastodenn 
of  a  chick  of  the  second  day  of  incul)ation.  Dining  the  second  day  of 
incubation  the  essential  processes  of  the  origin  of  the  vascular  system 
can  lx»  mafic  out  in  the  area  ix'llucida  witli  very  great  clearness.  Blood 
vessels  start  by  the  differentiation  of  ji  new  tj^pe  of  cell,  the  angioblast, 
from  the  primitive  mesoderm.  This  cell  develops  a  denser  cytoplasm 
than  the  primitive  mesoderm,  due  to  the  fine  azur  granulation  so  that 
it  is  identical  with  tke  .stem  cell  of  the  moiu)i)liyleti('  school.  The  size  of 
thrw  fP'onules  is  such  as  to  give  the  cell  the  appearance  of  groimd 
gljuss.  During  the  second  day  of  inculmtion  all  of  these  basoi)hili(;  cells 
•  jiri  bf  identified  im  aiigioblufits  l>ecau8e,  a«  seen  in  the  Hving  form,  they 
rcmaifj  together  aft<T  their  first  division  to  make  syncjiial  masses. 
Thi'w  nuiKsi'H  of  cells  then  put  out  very  charactt'ristic  sprouts  l)y  wliich 
they  join  Hiniilar  mnsw^K  Ut  fonn  a  plexus.  Tlu'se  solid  miusses  of  <'ells 
U'conif  bl(M)d  vcHsels  by  a  true  cytolysis  or  li(juefaction  of  the  centtM-  of 
the  iniiMN  to  form  bl(M)d  plasma  while  the  cells  on  tin*  edg<»  differentiate 
init)  endothelium.  Thr  esHi'ntial  characteristics  of  aiigioMiisIs  are  the 
deniw,  buMopliiiic  eytopliutm,  the  tendency  to  form  H>'neytial  masses, 
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the  sprouting  to  form  plexuses,  and  the  Hquefaction  to  form  blood 
plasma.  It  should  be  made  very  clear  that  there  is  a  tissue  fluid  before 
there  are  any  angioblasts,  which  in  the  chick  is  taken  in  from  the  yolk 
by  endodermal  cells,  and  that  the  blood  vessels  produce  their  own  fluid 
so  that  endothelium  from  the  start  is  a  membrane  between  two  fluids, 
a  tissue  fluid  and  a  plasma,  and  the  plasma  is  made  from  a  solution  of 
cells,  the  nuclei  being  involved  as  well  as  the  cytoplasm.  It  may  thus 
be  said  that  the  fundamental  morphology  of  the  vascular  system  has 
been  established. 

The  next  point  of  importance  in  the  study  of  these  living  chicks  is 
that  the  origin  of  red  blood  cells  both  from  primitive  angioblasts  and 
from  the  cell  division  of  endothelium  can  be  proved  beyond  question. 
It  can  be  seen  in  the  living  chick  that  when  liquefaction  is  going  on, 
a  part  of  the  solid  mass  may  remain  and  develop  hemoglobin  as  can  be 
made  out  by  the  cells  becoming  yellow  or  if  the  cytoplasm  of  the  center 
of  the  mass  has  entirely  liquefied  the  endothelium  may  divide  and  give 
two  rows  of  ceUs,  the  inner  one  of  which  protrudes  into  the  lumen  and 
will  develop  hemoglobin  while  it  is  yet  attached  to  the  wall  and  divide 
to  make  a  mass  of  red  blood  cells.  Thus  by  watching  the  hving  chick  of 
the  second  day  it  can  be  seen  that  all  the  primitive  blood  cells  become 
erythroblasts  and  that  their  genealogy  is  angioblast  directly  to  ery- 
throblast,  or  angioblast,  endothelium,  erythroblast.  Thus  the  postu- 
lation  of  a  lymphocyte  as  a  stem  cell  is  here  unnecessary. 

During  the  present  year  I  (62)  have  been  making  further  studies  of  the 
development  of  the  blood,  and  have  found  that  the  older  chicks  can  be 
studied  in  the  same  manner,  the  processes  being  watched  under  an  oil 
lens.  It  has  been  found  to  be  a  very  great  advantage  to  study  these 
blastoderms  with  a  vital  dye,  and  neutral  red  is  the  most  convenient. 
The  embryo  is  studied  in  Locke-Lewis  solution,  to  which  has  been  added 
2  to  3  drops  of  a  1  per  cent  aqueous  solution  of  neigbral  red,  a  dilution 
of  approximately  1:10,000.  From  each  blastoderm  I  first  draw  out 
one  or  two  drops  of  blood  for  films,  which  are  studied  with  vital  dyes 
and  then  stained  with  Wright's  eosin-methylene  blue.  The  blastoderm 
is  then  mounted  and  watched  for  about  four  hours.  The  technique  for 
the  blood  films  with  a  vital  dye  is  that  of  Pappenheim,  to  make  a  very 
thin  film  of  the  dye,  neutral  red  or  brilliant  cresyl  blue,  by  drawing  a 
clean  rod  dipped  in  a  saturated  alcoholic  solution  of  the  dye  across  a 
clean  slide,  and  then  mounting  a  drop  of  fresh  blood  on  this  dry  film 
of  stain.  The  specimen  is  at  once  ringed  with  salvoline  and  placed  in 
a  warm  box. 
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In  these  studies  it  has  been  possible  to  estabhsh  a  specific  criterion 
for  a  primitive  red  cell.  At  the  stage  of  the  second  and  third  day,  of 
incubation,  all  of  the  red  cells  have  a  very  characteristic  massive  granu- 
lation stainable  vitally  in  neutral  red  and  brilliant  cresyl  blue.  It  is  in 
the  form  of  granules  and  rods  which  make  a  dense  rosette  or  wreath 
that  completely  surrounds  the  nucleus.  It  takes  a  stronger  solution 
of  the  dye  to  bring  out  this  granulation  than  to  stain  the  granules  and 
vacuoles  of  the  clasmatocytes.  In  the  weaker  solution  the  granulation 
of  the  red  cells  becomes  just  visible  though  it  is  not  stained.  In  the 
li%nng  cell  the  granulation  has  the  same  index  of  refraction  as  the  rest 
of  the  cj-toplasm  and  is  therefore  not  to  be  distinguished.  It  is  stainable 
however  in  a  dilution  that  does  not  stain  the  nucleus.  The  granulation 
is  soluble  in  all  of  the  fixatives,  in  Helly's  solution,  in  alcohol,  in  formalin 
and  in  the  vapor  of  formahn  but  if  it  be  stained  in  brilliant  cresyl  blue  it 
becomes  insoluble  in  methyl  alcohol  and  so  the  cells  can  be  count erstained. 
In  the  early  stages  of  the  red  cell  or  megaloblast  the  granulation  is 
massive  and  completelj'  fills  the  cell;  then  as  the  cytoplasm  increases 
the  granulation  remains  in  a  rosette  or  wreath  around  the  nucleus 
making  the  er>'throbla.st;  a  little  later  it  begins  to  spread  out  or  thin  out 
in  the  c>'toplasm  making  extensive  reticular  forms.  These  reticular 
forms  or  er>'throblasts  begin  to  appear  on  the  third  day  and  they  show 
both  the  ba«t)philic  cytoplasm  and  the  specific  gi'anulation.  By  the 
seventh  day  the  majority  of  the  red  cells  are  m  the  reticular  form,  but 
the  primitive  stage  and  the  rosettes  are  still  present.  The  primitive  red 
blood  cells  are  fairly  uniform  in  size,  or  at  least  on  the  second  day  one 
can  make  out  but  a  few  different  generations  in  them,  but  by  the  fifth 
day  there  is  a  remarkable  variation  with  very  small  actively  dividing 
cella,  many  of  them  irregular  or  spindle  shaped  and  much  larger,  older 
forms.  The  smaller  forms  have  the  granules  in  the  rosette  form,  the 
larger  one  in  the  MifTu.s(>  reticular  form.  In  both  of  these  stages  there 
is  polychromasia.  (Jrmiuallv  the  amount  of  the  granulation  becomes 
very  much  reduced.  The  intermediate  stages  between  the  seventh 
day  of  incubation  and  the  time  of  hatching  I  have  not  yet  followed 
through,  but  at  the  lime  of  hatching  and  for  the  first  three  days  aft(M- 
ward,  all  of  the  red  cellH  have  a  few  granul(>K  stainabli^  with  brilhant 
cre«>'l  blue.  Some  of  the  cellH  have  only  one  or  two,  others  up  to  eight 
or  t«'n  grunulcH  while  a  few  of  the  cells  have  more.  In  this  stage  then* 
is  no  longfT  any  difTuMc  baHophilia. 

This  substance  I  iM'lieve  to  have  very  great  significance  in  the  study 
of  bhsHl.     It  fonus  a  sfMu-ific  eriterion  for  recognizing  the  primitive  red 
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cell  in  distinction  to  other  types  of  the  blood  cells.  The  method  of 
embryology  gives  a  chance  to  follow  the  stages  in  its  development  with 
exactness,  so  that  one  can  know  how  primitive  a  given  cell  is  by  the 
amount  and  the  arrangement  of  these  granules.  Since  it  is  so  funda- 
mental, it  must  necessarily  appear  in  the  blood  in  conditions  when 
blood  is  regenerating.  Besides  this,  it  may  offer  a  chance  to  studj''  the 
development  of  hemoglobin,  for  example,  in  testing  whether  these  gran- 
ules contain  iron  or  not. 

The  use  of  vital  dyes  for  the  staining  of  granules  in  blood  cells  was 
suggested  by  Pappenheim  as  early  as  1894,  recommending  brilliant 
cresyl  blue  at  that  time,  while  in  1896  Isreal  and  Pappenheim  (26) 
showed  that  if  a  few  grains  of  neutral  red  were  placed  on  a  slide  and 
used  for  a  blood  film,  a  few  granules  in  the  red  cells  would  stain  as  the 
cells  began  to  die.  The  use  of  neutral  red  for  the  blood  was  introduced 
by  Ehrlich.  The  subject  of  vitally  stained  granules  in  the  red  cells  was 
not  brought  into  prominence  until  1907,  when  Cesaris-Demel,  Pappen- 
heim and  Ferrata  all  published  articles  on  the  subject  in  the  Folia 
Haematologica.  Cesaris-Demel  describes  and  illustrates  the  substance 
both  in  the  granular  and  in  the  filamentous  form,  showing  differences 
in  the  reaction  to  the  stain  of  these  two  forms.  He  discusses  the 
occurrence  of  cells  containing  these  granules  in  cases  of  anemias.  The 
question  which  comes  up  first  in  connection  with  this  vitally  stainable 
substance  is  its  relation  to  the  so-called  "punctate  basophilia."  Both 
Pappenheim  and  Ferrata  agree  that  the  two  substances  are  entirely 
different.  Basophilic  punctation,  or  Grawitz  granules,  consists  of  fine 
particles  of  basophilic  substance,  stainable  after  fixation,  in  azur, 
exactly  like  the  finely  granular  basophilic  cytoplasm.  Ferrata  (20) 
beheves  that  these  granules,  basophilic  punctation,  that  is  to  say, 
granules  staining  in  azur,  arise  as  an  abnormal  clumping  "conglo- 
bation"  of  the  primitive  basophilic  substance.  On  his  plate  VIII  (20) 
he  shows  the  changes  in  the  basophilic  substance  in  experimental  lead 
poisoning,  the  earlier  phase  being  a  clumping  of  the  basophilic  sub- 
stance in  the  peripherj^  of  the  cell,  giving  patterns  very  different  from 
those  of  the  vitally  stainable  substance.  This  view  of  Ferrata,  that 
the  basophihc  punctation  is  an  abnormal  change  in  a  young  cell,  explains 
why  this  granulation  does  not  appear  in  the  normal  development  of 
blood.  That  is  to  say,  basophilic  punctation  would  then  represent  a 
young  cell  which  has  suffered  abnormal  changes,  while  the  reticular 
cells  are  normal  young  cells  which  may  appear  in  the  circulation  under 
abnormal  conditions.     The  granules  which  stain  vitally  I  believe  to 
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have  great  significance  as  being  a  fundamental  substance  in  evolution 
of  the  erythrocyte,  which  would  make  clear  their  appearance  in  the 
cells  of  the  circulating  blood  under  conditions  of  regeneration  just  as 
nucleated  forms  appear  in  regenerating  human  blood.  When  the  exact 
stages  of  the  development  of  the  vitally  stainable  granules  are  worked 
out  in  the  human  embryo,  as  can  now  be  done,  it  will  be  possible  to  esti- 
mate just  how  primitive  are  the  young  cells  that  get  into  the  circu- 
lation during  the  phase  of  regeneration. 

In  these  studies  in  the  chick  four  different  kinds  of  stainable  sub- 
stances have  been  found  in  the  cytoplasm  of  the  erythroblasts.  First, 
the  very  finely  granular,  basophilic  cytoplasm,  staining  in  azure  and 
appearing  Uke  ground  glass.  This  substance  is  not  distinctive  because 
it  is  characteristic  of  the  primitive  type  of  all  blood  cells.  It  disappears 
as  hemoglobin  develops.  When  both  substances  are  stained  in  the  same 
cell,  we  have  the  phenomenon  of  diffuse  basophilia,  or  polychromasia  or 
polychromatophilia.  Secondly,  a  specific  granulation  characteristic 
of  the  erythroblast,  a  criterion  to  separate  it  from  other  cells,  a  substance 
which  is  exceedingly  soluble  but  can  be  made  insoluble  by  combina- 
tion with  certain  vital  stains,  notably  neutral  red  and  brilliant  cresyl 
blue.  When  so  stained  it  is  retained  in  methyl  alcohol  so  that  the  cells 
can  be  counterstained  in  azur-eosin.  It  is  in  the  form  of  granules  and 
rods,  which  are  arranged  in  characteristic  rosettes  or  wreaths  around 
the  nuclei;  later  the  substance  becomes  less  dense  and  then  occurs  in 
a  reticular  form,  and  finally,  in  stages  after  all  of  the  basophilic  cy- 
toplasm has  disapjieared,  is  in  the  form  of  a  few  granules  or 
droplets,  in  the  acidophihc  hemoglobin-bearing  cytoplasm.  Thus  it 
persists  longer  than  the  basophilic  cytoplasm.  Thirdly,  hemoglobin. 
In  the  primitive  cell  there  is  the  basophilic  cytoplasm  and  the  specific 
granulation.  Just  tlie  moment  of  the  beginning  of  hemoglobin  is  hard 
to  make  out,  but  it  can  be  recognized  in  a  living  cell  before  it  can  be 
fixed  and  stained.  It  occurs  in  the  cells  on  the  second  day  of  incubation 
when  tlie  H|K'cific  granulation  covers  the  entire  area  of  the  cell.  When 
the  hemoglobin  can  first  be  stained  the  azurophilic  cytoplasm  predomi- 
nates us  has  been  shown  by  Papi>enlic'iin,  Maximow  and  Danclmkoff. 
The  second  stage  of  the  red  cell  lias  polychromasia  and  the;  spc'cific 
granulation  in  a  denm>  roH(>tt<>  around  the  nucleus,  the  third  stage  has 
still  polychrorniixia  and  a  reticuhition  of  the  vitally  stained  grannies, 
and  finally  the  baMtphiiia  diHap[M>arH  while  the  hemoglobin  and  a 
remnant  of  the  niM'cifi<*  granules  are  left.  This  stage  characterizes  the 
cells  at  the  time  of  hatching  in  the  chick. 
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Fourth,  there  are  the  so-called  Howell-Jolly  bodies.  These  are  frag- 
ments of  nuclei  which  were  discovered  by  Howell  (25)  in  1890  in  ery- 
throcytes of  the  cat  after  hemorrhage.  It  is  very  interesting  to  note 
that  cells  with  fragmented  nuclei,  giving  these  bodies,  occur  as  early  as 
the  second  day  in  tlie  chick  and  are  to  be  found  in  almost  all  specimens. 
They  are  to  be  interpreted  as  dying  cells.  They  show  that  there  is  a 
certain  amount  of  cell-death  even  in  ver3'-  early  stages  of  development. 

Besides  these  four  substances  which  are  to  be  found  in  the  course  of 
normal  development  in  the  chick,  there  are  two  other  stainable  sub- 
stances found  in  the  red  cells  in  clinical  work  which  have  not  been 
found  in  the  chick.  They  are  the  basophilic  punctation  already  dis- 
cussed and  the  ring  bodies  of  Cabot,  especially  well  illustrated  by 
Ferrata.  The  latter  are  thought  to  be  the  occasional  remnants  of  the 
nuclear  membrane,  after  extrusion  of  the  nucleus.  It  is  clear  that  an 
accurate  knowledge  of  the  maturation  stages  of  the  red  cells,  or  the 
steps  by  which  a  primitive  red  cell  becomes  an  erythrocyte,  is  of  very 
great  value  in  estimating  the  severity  of  an  anemia  or  in  following  the 
stages  of  recovery.  The  method  of  studying  the  development  of  the 
blood  by  taking  it  out  from  a  chick  on  each  succeeding  day  of  incubation 
and  using  the  technique  which  combines  vital  dyes  with  the  eosin-azur 
blood  stains  enables  one  to  follow  the  stages  step  by  step  as  cannot  be 
done  in  bone  marrow.  In  the  chick  a  specific  new  stage  is  added  with 
a  given  increase  in  the  age  of  the  chick.  Thus  one  can  have  a  specimen 
of  red  cells  in  which  there  are  only  the  primitive  types,  and  then  are 
added  the  rosettes  or  wreaths  of  the  specific  granule,  then  the  reticular 
forms  in  cells  which  show  polychromasia  and  finally  comes  the  stage 
of  remnants  of  the  specific  granulation  in  eiythrocytes  with  acidophilic 
hemoglobin.  At  the  time  of  hatching  all  of  the  red  cells  in  the  circula- 
tion of  the  chick  show  a  few  of  these  vitally  stainable  droplets,  some  of 
the  cells  having  1  or  2,  others  8  or  10.  The  same  progression  in  the 
development  of  blood  can  be  followed  by  this  method  in  mammalian 
forms,  but  so  far  only  a  beginning  has  been  made. 

That  endothelium  may  give  rise  to  red  cells  was  discovered  by  Dan- 
chakoff  (6)  and  confirmed  by  Maximow  (35),  Minot  (42),  Emmel 
(12),  (13)  and  Jordan  (27),  (28).  The  extent  of  the  origin  of  the  red 
cells  from  endothelium  in  the  chick  was  not  made  clear  until  studies 
were  made  in  the  living  form.  The  significance  of  the  origin  of  ery- 
throblasts  from  endothelium  in  the  chick  will,  I  think,  be  much  less  if 
Maximow's  view  is  finally  confirmed  that  the  origin  of  red  cells  from 
endothelium   is   only  transitory  and  that  the  secondary,  permanent 
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red  cells  are  extra-vascular  in  origin.  The  question  has  two  phases, 
are  the  cells  actually  extra-vascular,  and  if  so  are  they  related  to 
endothelium? 

Origin  of  monocytes  and  clasmatocytes.  On  the  third  day  the  white 
cells  of  the  blood  begin  and  the  origin  of  two  groups  can  be  seen  in  the 
area  pellucida,  namely,  the  monocytes  and  the  granulocytes  (62) .  By 
the  term  monocyte  I  mean  the  large  mononuclear  forms  and  the  tran- 
sitionals  of  Ehrlich,  grouped  together  in  the  third  row  in  Pappenheim's 
plate  1,  (56)  and  the  fourth  and  fifth  rows  on  Ferrata's  plate  XII  (20). 

Of  the  monocytes,  it  is  the  transitional  forms  that  are  the  easiest  to 
make  out  because  they  are  identical  with  the  clasmatocytes.  On  the 
third  day  the  endothelium  of  the  capillaries  and  veins  of  the  area  pellu- 
cida becomes  reduplicated  in  places.  All  of  the  endothelial  cells  have 
granules  that  stain  in  neutral  red,  scattered  throughout  the  cell.  A 
single  cell  of  the  endothelium  of  the  inner  row  enlarges,  protrudes  into 
the  lumen,  develops  the  vacuoles  that  are  characteristic  of  clasma- 
tocytes, and  may  even  engulf  a  red  blood  cell.  This  I  have  seen  in 
the  living  chick  and  such  a  cell  is  shown  in  Maximow's  figure  4  on  plate 
XVIII  (35).  The  free  border  of  the  cell  then  develops  an  appearance 
characteristic  of  clasmatocytes,  a  film  of  cytoplasm  in  which  a  central 
process  is  more  rcf ractile  than  the  rest,  and  these  films  of  cytoplasm  are 
in  constant  motion.  Tliese  cells  I  have  seen  become  free  from  the  wall 
making  the  transitionals  of  the  l^lood.  Maximow  luis  seen  those  (!ells 
in  the  vessels  of  mammalian  embryos  and  has  shown  three  of  them  in 
the  same  figure  but  did  not  regard  thorn  as  a  l)l()()d-('oll  typo.  They 
are  identical  with  the  clasmatocyte  and  with  the  transitional  forms  of 
adult  blood.  At  the  same  time  the  endothelium  gives  rise  to  clasma- 
tocytes; the  outer  cells  of  a  reduplicafod  (>ndotholiuni  divido  rapidly  and 
make  irrcguhir  patches  of  cells  along  the  vessels  which  dilYorontiate 
vacuoles,  many  of  them  very  large,  and  these  cells  become  free  and  have 
all  of  the  characteri.sticK  of  (•la.sinaU)cytes.  The  oxt  ra-vascuhir  ones  tend 
to  Ik*  larger  than  those  within  the  vessels  l)ut  1  have  seen  one;  of  the 
largo  forms  pass  into  a  capillary.  Thus  the  transitional  cell  of  the 
I)Ijmk1  and  tho  cliuHrnatocyteH  are  identical  forms  and  both  (l(>volop  from 
endothelium.  Moreover  they  become  dilToreiitiatod  into  tho  sp<M'ific 
cell  tyfx)  Ixjforc  they  arc  detached  from  the  wall  of  the  vessel. 

The  large  mononiirloar  form  comoH  also  from  thi'oiidotiiolium  (liough 
this  i«  lesH  easy  to  demoiistrati?  on  the  third  day  because  thoro  are  so 
few  and  Ix^cause  one  Itu'kn  tho  characteristic  neutral  rod  reaction  to 
pick  thorn  out.     A  H|M>cial  endothelial  coll  may  enlarge  arul  becomo  rro<' 
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with  neither  the  neutral  red  rosette  of  the  erythrocyte  nor  the  vacuoles 
of  the  clasmatocyte.  The  cells  become  larger  than  the  others  and  their 
nuclei  become  eccentric.  They  are  most  readily  demonstrated  in 
Wright's  stain  after  the  vital  dye  brilliant  cresyl  blue  because  they  lack 
the  characteristic  granulation  of  the  red,  and  because  their  cytoplasm 
stains  a  distinctive  clear  blue.  Thus  in  the  yolk  sac  of  the  living  chick 
of  the  second  and  third  days  of  incubation  it  can  be  proved  that  endo- 
thelium gives  rise  to  the  erythroblasts,  to  the  monocyte  stem  of  the 
white  cells  and  to  the  clasmatocytes  of  the  connective  tissue.  On  the 
second  day  almost  all  of  the  cells  become  eiythroblasts,  though  I  have 
found  a  few  monocytes  within  the  vessels  in  an  occasional  specimen.  In 
other  words,  it  may  be  said  that  the  clasmatocytes  are  from  endothe- 
lium, most  of  them  are  extra-vascular,  a  few  intra-vascular. 

Having  proved  that  the  monocytes  of  the  blood  and  that  the  clas- 
matocytes of  the  connective  tissue  are  derived  in  the  embryo  from 
endothelium  and  are  identical  cells  we  may  now  go  a  little  deeper  into 
the  subject  of  the  clasmatocyte.  Maximow  distinguished  between 
the  resting  wandering  cell  and  the  active  one  in  his  first  experimental 
procedure,  indicating  that  the^Tnononuclear  cell  of  the  connective 
tissues,  well  known  to  the  pathologist,  became  transformed  by  irritation 
into  the  actively  phagocytic  clasmatocyte.  The  same  double  grouji 
of  cells  is  to  be  foimd  among  the  monocytes  of  the  blood,  in  the  large 
mononuclear  and  the  transitional  forms.  Both  come  from  endothelium, 
and  it  is  a  question  whether  the  mononuclear  becomes  in  the  blood  stream 
a  typical  transitional  or  not;  in  Pappenheim's  row  of  monocytes  (56, 
plate  I),  the  second  cell  is  an  undoubted  large  mononuclear  but  has  a 
vacuole  in  which  is  a  remnant  of  a  phagocytized  red  cell.  The  large 
mononuclears  of  the  blood  stream  may  have  the  relation  to  the  tran- 
sitional that  Maximow  sees  in  the  mononuclear  cell  of  the  connective 
tissues  to  the  clasmatocyte,  namely,  a  resting  and  an  active  phase  of 
the  same  cell,  or  the  mononuclears  of  the  blood  stream  may  be  for  the 
most  part  old  cells,  which  would  not  give  rise  to  typical  transitionals. 
Maximow  called  the  whole  phagocytic  group  of  cells  of  the  connective 
tissue,  polyblasts,  clasmatocytes,  or  resting  and  active  wandering  cells. 
He  believed  that  they  arose  from  blood  cells  (lymphocytes)  which  had 
wandered  out  of  the  vessels.  Marchand  (34)  then  took  up  the  subject 
and  carried  it  a  step  farther  showing  that  the  clasmatocyte  is  not  a  cell 
which  has  emigrated  from  the  blood  vessels,  but  is  rather  a  true  extra- 
vascular  cell,  which  he  called  the  adventitial  cell. 
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The  term  clasmatocyte  was  adopted  by  Maximow  from  Ranvier  who 
had  given  the  name  to  an  amphibian  cell  now  known  to  be  different; 
the  word  means  to  fragment  and  in  this  sense  is  not  descriptive.  It 
has  been  called  the  resting  wandering  cell  and  the  polyblast  by  Max- 
imow, the  histiocyte  by  Aschoff-Kiyono,  the  pyrrol  cell  by  Goldmann, 
the  rhagiocrine  cell  by  Renaut  and  finally  Evans  has  adopted  the  term 
macrophage  to  include  all  the  cells  of  the  connective  tissues  that  phago- 
cytize  trypan  blue.  It  is  obvious  that  the  term  macrophage  is  not 
distinctive  for  the  one  type  of  cell,  especially  since  we  can  now  separate 
the  clasmatocyte  so  sharply  from  the  serosal  cell.  Now  that  this  cell- 
type  has  become  so  clear  that  we  know  its  origin  and  its  specific  function, 
we  should  have  a  distinctive  and  a  clear  name.  We  may  then  offer  as 
a  definition  of  a  clasmatocyte  or  histioc>'te,  that  it  is  a  cell  derived  from 
endothelium  being  very  highly  specialized  toward  phagocytosis,  and 
possessing  a  marked  development  of  vacuoles  in  which  -particulate 
matter  is  segregated,  agglutinated  and  stored  and  having  a  differen- 
tiation of  the  periphery  of  the  cytoplasm  into  films  that  keep  the  cell 
in  motion,  while  the  cell  itself  has  only  a  slow  locomotion. 

With  this  definition  in  mind  it  will  be  interesting  to  take  up  the  work 
of  Mallor}'  and  his  school  on  the  "endothelial  leucocyte,"  which  brings 
us  to  the  question  as  to  whether  clasmatocytes  differentiate  in  the  adult. 
In  1898  Mallory  (33)  described  the  reaction  of  lymph  glands  to  typhoid 
infection.  He  first  took  up  the  reaction  of  the  follicle  proper  and  then 
the  reaction  of  the  sinus.  First  in  regard  to  the  reaction  of  the  follicle 
he  says: 

In  the  lesions  to  be  described,  however,  the  large  eells  of  the  reticulum  of  the 
lymphoid  tissue  behave  in  all  respects  like  the  endothelial  cells  of  the  Ij'mph  and 
blood-vosscls.  This  fact  might  be  used  as  an  argument,  therefore,  in  fjivor  of 
their  being  endothelial  rather  than  connective  tissue  cells.  In  the  following 
pageo  these  cells  wilt  be  spoken  of  as  endothelial  cells.  Under  the  influence  of 
the  toxic  product  of  the  typhoid  bacilli  these  larger  endothelial  cells  increase  in 
number. 

This  indicates  that  Mallory  behcved  that  the  reticular  cells  of  the 
follicle  are  normally  covered  with  ondothelial  ('(^Us,  and  he  makes  this 
Htftt<'ment  Htill  more  clearly  in  his  Patholofiiail  Histology  (p.  tilG).  Here 
it  must  1k!  Haid  that  it  is  not  thought  by  iiistologists  that  in  normal 
lymph  glandH  tliere  is  such  u  si)n'.'iding  of  endothelium  over  the  retic- 
ular cellH  of  the  follicle.  The  foilich'  consists  of  a  framework  of  retic- 
ular cellM,  through  which  pasKCH  a  capillary  betl;  the  interstices  being 
filled  with  lymphocytes.     Mall  gave  uh  a  clear  picture  of  the  reticular 
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cell;  it  is  a  branched  cell  of  the  connective  tissue  which  produces  a 
specific  type  of  fiber,  namely,  one  which  is  branched  to  an  extreme 
degree  wherein  it  differs  from  the  unbranched  white  fibers,  but  is  never- 
theless much  more  closely  allied,  perhaps  identical  with  the  white  fiber 
chemically.  The  reticular  cell  differs  from  the  fibroblast  which  produces 
the  white  fibers  and  the  yellow  elastic  fibers  in  being  more  primitive, 
namely,  in  that  the  reticular  fibrils  remain  within  the  cytoplasm  of  the 
cell  throughout  life.  Since  in  the  normal  follicle  there  are  no  endo- 
thelial cells  on  the  reticulum,  it  may  well  be  questioned  whether  the 
" endothelioid  cells"  occurring  pathologically  in  the  follicles  have  arisen 
in  situ  from  reticulum,  instead  of  being  clasmatocytes  which  have 
wandered  in. 

The  structure  of  the  lymphatic  sinus  and  the  splenic  pulp  does,  on  the 
other  hand,  bring  out  a  much  more  complicated  relation  between 
endothelium  and  reticulum.  While  in  the  follicle  there  is  normall3''  one 
cell,  in  the  sinus  there  are  two.  That  cells  of  the  monocj'-te  type  become 
free  in  the  sinuses  is  without  doubt,  and  the  question  is,  can  their  origin 
be  analyzed,  can  it  be  shown  that  they  are  endothelium  or  reticulum? 
Embryologically  the  sinus  is  a  zone  where  there  is  a  plexus  of  lymphatic 
capillaries  fined  by  endothelium  with  bridges  of  reticulum  between,  or 
as  in  the  spleen,  a  plexus  of  vascular  capillaries  with  reticulum.  In  the 
development  of  the  sinus,  the  lymphatic  plexus  or  the  vascular  capil- 
lary plexus  has  become  so  extraordinarily  dense,  that  the  bridges  between 
adjacent  vessels  are  reduced  to  single  branched  reticular  cells  (59).  In 
other  words,  endothefium  is  spread  over  reticulum.  Such  being  the 
development  of  the  sinus,  the  question  comes  up  as  to  whether  these 
two  types  of  cells,  which  are  present  at  first,  can  be  discriminated 
throughout  life,  and  this  question  was  ably  discussed  by  Downey  at  the 
meeting  of  the  American  Association  of  Anatomists  in  1915.  In  dis- 
cussing the  sinuses  Downey  (8)  said : 

Even  with  ordinary  methods  it  is  evident  that  the  strands  of  the  reticulum 
are  composed  of  branched,  anastomosing  cells  which  are  closely  associated  with 
the  fibers.  Nothing  can  be  seen  of  a  continuous  epithelial  covering.  Associated 
with  these  strands,  especially  where  the  reticulum  forms  the  wall  of  a  sinus, 
are  varying  numbers  of  larger  and  more  rounded  protoplasmic  cells  whose  con- 
nection with  the  fibers  of  the  reticulum  is  not  so  evident  with  ordinary  methods. 
Such  cells,  especially  where  they  project  out  into  the  lumen  of  a  sinus,  might  well 
be  mistaken  for  hypertrophied  endothelial  cells.  However,  the  use  of  any  one 
of  the  numerous  specific  stains  for  reticular  fibers  (Krause's  iodo-iodide  of  potas- 
sium—gold chloride  method,  the  Maresch-Bielschowsky,  or  the  older  formula 
of  Mallory's  hematoxylin  as  used  by  Thom6)  show^s  clearly  that  these  cells  are 
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frequently  traversed  by  fibers,  and  that  even  the  large  rounded  cells  resembling 
large  mononuclear  leucocytes  are  frequently  attached  to  the  reticulum  and  have 
fibers  embedded  in  their  peripheral  portions.  These  latter  cells  show  great 
phagocytic  activity,  especially  for  red  corpuscles,  and  their  nuclei  are  large  and 
indented.  If  these  cells  were  not  attached  we  should  not  hesitate  to  pronounce 
them  as  large  mononuclear  leucocytes. 

Thus  Downe}''  recognized  both  types  of  cells  clearly  but  regards  them 
as  identical  on  the  basis  that  both  of  them  contain  fibrils.  In  this 
connection  it  is  interesting  to  remember  that  Mall  demonstrated  that 
endotheUum  can  produce  reticulum,  as  in  the  hver,  while  Corner  has 
shown  that  this  is  true  also  in  the  corpus  luteum  of  the  ovary.  Thus 
it  may  be  questioned  as  to  whether  the  presence  of  reticular  fibers  is  to 
be  considered  as  an  adequate  separation  of  endothelium  from  reticuhmi. 
The  question  is  significant  in  connection  with  such  a  specific  develop- 
ment of  the  power  of  phagocytosis  as  has  been  demonstrated  as  a  charac- 
teristic of  endotheUum  and  its  derivatives.  It  may  be  accepted  that 
these  two  cells  cannot  be  distinguished  in  sections  of  sinuses  by  histo- 
logical methods.  The  question  then  comes  up  as  to  whether  these 
cells  can  be  separated  by  experimental  methods.  All  of  the  experiments 
with  the  injections  of  particulate  matter  have  brought  out  that  there 
are  four  special  places  where  certain  cells  always  phagocytize  consider- 
able amounts  of  any  injected  particles.  These  places  arc  the  capillaries 
of  tiie  liver  and  the  veins  of  the  splenic  pulp,  in  both  of  which  areas  the 
cells  are  unquestionably  endotheUum.  The  other  two  places  are  the 
IjTnphatic  sinuses  and  the  sinuses  of  splenic  pulp  and  in  both  of  lliose  areas 
the  question  is  complicated  by  tlie  relation  of  ondothclium  to  reticulum. 
McJunken  (40)  has  recently  made  some  experiments  with  the  injection 
of  carlxiii  particles  in  the  form  of  India  ink.  He  analyzed  first  the 
nature  of  the  suspension  of  carbon  particles,  reducing  tlie  size  of  the 
particles  by  filtration.  He  found  that  if  filtered  India  ink  be  mixed 
with  stxiium  citrate,  the  polyin()ri)honu('l(>ar  neutrojihiUc  leucocytes 
arc  inhibited  from  ingesting  the  carbon  and  thus  the  endothelium  of 
the  vascular  capillaries  and  the  monocytes  of  the  blood  can  be  brought 
out.  By  passing  the  sann'  solution  through  lymph  glands  by  inter- 
Htitiul  injections,  \\v  then  found  that  both  the  endothelium  of  the  sinuses 
ami  the  monocytes  coming  from  them  could  be  (Ustinguished  from  the 
retifMiliun,  while  in  the  folli<'l('  j)roper,  only  th{»  va.scular  capillary  endo- 
thelium showed  the;  carbon  particles  until  stained  clasnuiLocytes  had 
wan(l(>re(l  in.  He  thus  si'parated  the  lymphatic  endothelium  of  the 
liinuses  from  reticulum,  and  the  chisnuitocytt^s  of  the  follicles   from 
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lymphocytes.  Kiyono  (29),  on  the  other  hand,  finds  that  with  injections 
of  other  particles,  for  example,  carmine,  both  the  reticulum  and  the 
endothelium  of  the  sinuses  take  up  the  particles  but  that  the  endothe- 
lium can  be  distinguished  by  the  fact  that  it  always  takes  up  a  larger 
amount.  This  is  more  in  line  with  the  general  experience  in  these  recent 
experiments  in  phagocytosis,  namely,  that  the  property  of  phagocytosis 
is  a  very  general  characteristic  of  cells,  but  that  some  strains  are  more 
highly  differentiated  along  this  line  of  taking  up  particles  than  others. 
Clasmatocytes  take  up  and  store  particles  to  a  very  marked  degree. 
In  the  case  of  the  endothelium  making  the  wall  of  a  vessel,  it  must 
always  be  considered  whether  the  granules  are  passing  through  the  cells 
or  are  being  stored  by  them.  At  any  rate,  the  process  of  selective  phago- 
cytosis does  offer  a  method  of  showing  that  the  embryonic  separation 
of  the  two  types  of  cells  in  the  sinuses  is  retained  in  the  adult,  the  re- 
ticular cells  making  a  framework,  the  endothelium  giving  rise  to  mono- 
cytes. Kiyono  however  believes  that  both  the  reticular  cells  and  the 
endothelium  give  rise  to  monocj^tes  (histiocytes) . 

Foot  (21),  using  India  ink  as  a  specific  granule  to  bring  out  endo- 
thelium and  the  cells  that  are  derived  from  it,  finds  clumps  of  cells  on 
the  surface  of  the  capillaries  of  the  lung  under  the  irritation  of  tuber- 
culosis, which  stand  out  by  their  ingestion  of  carbon  particles.  From 
this  he  concludes  that  clasmatocytes  differentiate  from  endothelium  in 
the  adult.  If  it  can  be  conclusively  proved  for  the  adult  as  it  has 
been  proved  for  the  embryo,  that  endothelium  keeps  on  giving  off 
clasmatocytes  in  certain  areas  or  can  be  made  to  do  so  by  certain  stimuli, 
it  will  be  of  great  significance  in  pathology.  McJunkin's  experiment 
has  the  further  significance  of  showing  that  the  endothehum  of  the  lym- 
phatic sinuses  reacts  like  vascular  endothelium  which  is  in  line  with  the 
theory  that  the  lymphatic  system  is  a  part  of  the  venous  system,  its 
lining  cells  having  the  same  fundamental  origin  from  the  angioblast 
stem  as  a  differentiated  cell,  rather  than  coming  from  the  flattening 
out  of  mesenchyme  cells  to  hne  spaces. 

Thus  the  studies  of  Mallory  and  his  school  on  the  "endothelial 
leucocyte"  which  could  now  better  be  called  the  "endotheUal  mono- 
cyte" all  center  around  the  very  important  question  as  to  whether  new 
clasmatocytes  differentiate  from  endothehum  in  the  adult  under  normal 
conditions  or  can  be  made  to  by  abnormal  stimuH.  It  seems  to  me 
likely  that  this  will  ultimately  be  proved  conclusively. 

That  endothelium  in  the  adult  gives  rise  to  the  monocytes  of  the 
blood  stream  in  certain  places  seems  adequately  proved.     Thus  mono- 
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cj'tes  can  be  found  so  readily  and  in  such  numbers  in  the  veins  of 
the  splenic  pulp  that  monocytes  have  been  called  splenocji;es  (56, 
plate  I).  McJunkin  and  Kiyono  have  shown  that  the  sinuses,  both 
IjTnphatic  and  vascular,  also  contribute,  and  Aschoff  thinks  that  the 
large  number  of  monocytes  found  in  the  veins  of  the  extremities  shows 
that  the  same  cells  get  free  in  bone  marrow. 

It  will  now  be  interesting  to  sum  up  the  history-  and  to  show  the  very 
wide  range  of  studies  which  have  been  necessary  to  bring  out  the  great 
group  of  the  histiocytes  and  to  show  that  the  monocytes  of  the  blood 
and  the  clasmatocytes  are  identical  cells,  liistiocj-tes.  The  cell-type 
was  first  brought  out  by  Maximow  by  its  specific  response  to  injury 
and  then  by  its  reaction  to  vital  neutral  red;  then  the  studies  of  Bouffard, 
Goldmann,  Evans  and  Schulemann  and  many  others  have  brought  out 
the  fact  of  the  power  of  these  cells  to  phagocytize,  segregate  and  store 
particulate  matter,  Evans  then  made  the  final  differentiation  of  the 
clasmatocyte  from  the  fibroblast,  while  Cunningham  has  conclusively 
separated  it  from  the  serosal  cell.  The  next  step  came  in  the  doctrine 
of  the  origin  of  blood  cells  from  endotheUum  by  Mallory,  by  Schridde 
(64)  and  Schmidt  (63).  Then  Aschoff  and  Kiyono  showed  that  the 
monocyte  in  the  blood  stream  has  an  identical  reaction  toward  partic- 
ulate matter  (65),  that  the  reaction  to  neutral  red  was  the  same. 
Aschoff,  Kiyono,  McJunkin  and  others  have  shown  that  the  endothe- 
lium of  the  adult  both  lymphatic  and  vascular  can  in  certain  specific 
places  give  off  monocytes,  and  now  it  has  been  conclusively  proved 
embryologically  that  the  type  of  the  white  cell  that  comes  from  endo- 
thelium is  the  monocyte,  which  is  identical  with  the  clasmatocyte. 
Both  cells  have  been  seen  by  the  writer  in  a  hving  embryonic  form  to 
differentiate  from  endothelium  and  to  become  free,  the  monocytes 
dropping  off  within  the  vessels,  the  clasmatocytes  outside;  but  the 
cells  arc  interchangeable  afterwards,  for  the  clasmatocytes  have  been 
seen  to  enter  the  vessel  and  the  monocji^es  may  pass  out.  The  entire 
group  has  a  very  characteri.stic  type  of  motion  due  to  a  differentiation 
of  the  pt'riphery  of  the  cell  which  keeps  the  surrounding  fluid  in  motion 
while  the  cell  itself  has  but  a  very  slow  grade  of  locomotion. 

Origin  of  ymnnlocylfi.  The  origin  of  the  granulocyt  (^s  can  also  he  made 
out  on  the  third  day  of  incubation.  As  shown  l)y  Danchakoff  (6)  the 
granulocyte,  the  forerunner  of  the  leucocytes,  is  always  an  extra-vas- 
cular coll.  It  api)cars  from  the  mesoderm  and  li(»s  near  a  vessel  and  at 
first  cannot  bo  told  from  a  single  angioblast.  It  has  the  same  dense 
Hztirophilic  cytoplasm.     As  soon  an  it  has  once  divided  however  it  can 
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be  differentiated  because  the  two  granulocytes  separate,  while  two  an- 
gioblasts  remain  together.  In  the  living  specimen  or  in  the  fixed  blasto- 
derm this  can  be  made  out  as  it  cannot  be  made  out  in  sections  because  in 
the  total  blastoderm  every  cell  of  an  area  can  be  seen  which  gives  this 
type  of  material  an  enormous  advantage  over  sections.  The  nucleus 
then  becomes  eccentric  and  the  centrosome  is  made  very  obvious  by  the 
development  of  a  crescent  of  very  fine  uniform  granules,  also  stainable 
in  very  dilute  neutral  red.  These  cells  then  move  toward  the  vessel, 
often  line  up  in  a  row  in  order  to  enter.  They  enter  the  vessels  half 
way  between  the  nuclei  of  the  endothelial  cells  which  means  that  they 
push  their  way  between  the  cells.  They  make  the  wall  bulge  in  and 
once  I  have  seen  the  edges  of  the  endothehal  cells  separate.  They  move 
very  slowly,  but  it  is  a  real  locomotion,  not  the  movement  in  one  place 
of  the  clasmatocyte.  There  is  no  active  amoeboid  motion  of  these 
cells  at  this  stage,  meaning  a  typical  amoeboid  locomotion  associated 
with  a  fluid  state  of  the  cytoplasm  as  shown  by  active  flowing  and 
streaming  of  granules  within  the  cell.  During  the  third  day  the  gran- 
ules of  these  cells  are  always  still  and  always  in  a  definite  crescent  around 
the  centrosome.  Thus  the  granules  of  the  endothelial  cell  that  stain 
with  neutral  red  are  larger  and  are  scattered  throughout  the  cell,  the 
granules  of  the  erythroblasts  are  arranged  around  the  nucleus  while  the 
granules  of  the  young  granulocytes  are  arranged  around  the  centrosome. 
It  may  be  possible  subsequently  to  show  that  the  substance  which 
stains  with  neutral  red  in  endothelium  is  not  present  in  primitive  granu- 
locytes. That  is,  it  is  possible  that  a  further  study  with  vital  dyes  may 
differentiate  the  original  angioblasts  from  the  granulocytes.  The  early 
granulocytes  are  all  pseudo-eosinophiles,  that  is,  they  have  fine  granules. 
The  eosinophiles  with  the  granules  in  the  shape  of  rods,  so  characteristic 
of  the  chick,  develop  a  little  later;  I  have  not  found  any  on  the  third 
day  and  but  few  during  the  first  seven  days.  There  are  no  cells  to  be 
made  out  with  the  basophilic  granulation  or  mast  cells  and  Maximow 
has  found  that  they  develop  late  in  mammals. 

From  these  observations  it  seems  it  seems  fair  to  say  that  no  cell 
has  as  yet  been  identified  as  a  common  stem  cell  for  the  angioblast  and 
the  granuloblast.  Indeed  it  has  been  the  contribution  of  Naegeli 
throughout  to  show  that  there  is  no  adequate  proof  that  the  primitive 
form  of  each  type  of  blood  cell  is  to  be  identified  as  a  common  stem  for 
all.  The  only  proof  which  would  be  adequate  of  a  common  hemoblastic 
stem  would  be  an  experiment  in  which  the  stem  cells  in  an  area  where 
they  all   become  angioblasts  normally,    should  be   made  to  become 
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granulocj-tes,  as  for  example  if  the  single  basophilic  cells  of  the  area 
pellucida  of  the  chick  of  the  second  day  which  normally  make 
s>Ticji;ia  of  angioblasts  could  be  forced  to  make  granulocytes.  This 
is  not  beyond  the  range  of  possibility  as,  for  example,  Murphy  (48) 
found  that  the  injection  of  splenic  tissue  into  a  chick  stimulated  a 
verj'  marked  formation  of  blood  cells  in  the  allantois  and  in  the  diffuse 
connective  tissues  of  the  embryo  far  beyond  the  normal  .limits. 
Thus  a  connective  tissue  of  the  embryo  which  does  not  normally  do 
so  can  be  made  to  differentiate  into  blood  cells.  This  experiment  he 
suggested  to  Madame  Danchakoff  and  she  has  been  utilizing  it  in 
recent  studies  (7). 

Weidenreich  (67)  has  given  an  extensive  study  of  the  granulocytes 
paying  especial  attention  to  the  forms  of  the  nuclei;  he  has  shown  that 
the  three  types  of  granular  cells  have  characteristic  nuclei.  The  neu- 
trophiUc  leucocytes  have  nuclei  with  small  lobes,  often  five  in  number, 
while  the  nuclei  of  the  eosinophilic  leucocytes  rarely  have  more  than 
two  lobes.  The  mast  leucocyte  he  has  proved  to  be  a  dying  cell  without 
a  centrosome,  and  with  irregularly  staining  granules.  In  all  of  the 
chick  blastoderms  there  are  a  few  dying  blood  cells  with  fragmented 
nuclei  but  they  are  always  easy  to  distinguish. 

Lymphoq/tes.  In  the  study  of  the  living  blastoderms  up  to  the 
seventh  day,  which  is  as  far  as  I  have  yet  carried  the  work,  I  have  not 
seen  any  evidence  of  a  formation  of  the  lymphocyte  in  the  yolk  sac. 
Further  studies  may  bring  this  cell  out,  or  it  may  be  that  the  lympho- 
cytes form  only  within  the  embryo  itself.  The  lymphocyte  appears  in 
the  circulating  Ijlood  on  the  fifth  day,  in  its  smallest  form;  an  occasional 
one  may  occur  on  the  fourth  day.  In  the  living  state  it  has  a  nucleus 
with  a  sharper  nuclear  membrane  than  any  other  cell.  This  is  a  difficult 
criterion  to  u.se  since  all  nuclei  become  distinct  as  the  cells  die.  It  htxs 
a  small  amount  of  cytoplasm  and  a  few  azur  granules.  Lymphocytes 
are  rr'atlily  killed  l)y  too  strong  a  dose  of  the  dye;  the  granules  do  not 
stain  remlily  in  neutral  red  but  may  be  made  to  liy  increasing  the  amount 
of  the  dye.  In  the  stained  blood  smears,  the  lympliocytcs  are  easily 
distinfi^uifthable  by  their  characteristic  nuclei  and  the  fact  that  they 
arc  all  at  first  Hmall  lynjphocytes.  Their  origin  in  the  embi-yo  needs 
much  further  study,  but  from  their  Into  appearance  as  a  specific  cell 
type  it  seems  to  me  that  they  should  not  be  identified  as  a  stem  cell. 
In  the  general  use  of  the  term  "lynji)hocyte"  or  "  lymphoidocy tc  "  as 
a  stem  cell,  it  has  been,  however,  more  coumionly  the  large 
mononuclear  form  or  monocyte  so  identified  rather  than  the  small 
iyinphoryte. 
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For  the  adult,  it  is  well  recognized  that  this  cell  occurs  in  follicles  in 
lymph  glands  and  spleen,  where  it  probably  comes  from  the  reticular 
cell,  and  it  is  swept  into  the  blood  stream  in  the  lymphatic  sinuses  and 
the  splenic  pulp.  Thus  our  knowledge  of  this  cell  in  the  adult  stresses 
that  it  is  a  cell  of  extra- vascular  origin.  The  stem  cell  of  the  lympho- 
cytes is  far  from  adequately  known.  It  needs  study  both  in  the 
embryo  and  in  smears  of  living  cells  from  adult  lymph  glands. 

The  lymphocyte  has  been  distinguished  as  a  specific  functional 
group  by  Murphy  and  his  school  (46),  (47),  (48),  (49),  (50).  The 
lymphocyte  group  is  more  sensitive  to  x-rays  and  to  radium  than  other 
normal  cells.  With  a  certain  dose  it  is  the  first  normal  cell  injured, 
with  a  less  dose  it  is  stimulated.  Murphy  has  demonstrated  a  specific 
relation  of  lymphocytes  to  immunity  toward  tumors  in  the  chick,  by 
showing  that  before  there  is  any  great  mass  of  lymphocytes,  that  is,  on 
the  eighteenth  day  when  they  form  in  large  numbers  in  the  spleen, 
chicks  are  susceptible  to  tumors  to  which  hens  are  immune.  Then  he 
has  killed  the  lymphocytes  of  the  hen  by  x-rays  and  produced  suscep- 
tibility to  the  tumor.  These  studies  are  still  being  carried  on  by 
Murphy  and  are  one  of  the  very  valuable  contributions  of  modern 
medicine. 

The  entire  absence  of  autolytic  and  peptic  ferments  in  the  lympho- 
cytes separates  them  frpm  both  leucocytes  and  from  monocytes. 

CONCLrSIONS 

In  stressing  the  value  of  embryology  as  a  part  of  the  newer  form  of 
the  experimental  work  on  blood  we  may  call  attention  to  this  advantage, 
that  each  cell  as  it  first  differentiates  is  specific,  for  example,  the  ery- 
throblast  of  the  second  to  the  fourth  day  with  its  rosette  of  granulations 
arranged  with  reference  to  the  nuclei.  The  ery^throblasts  have  how- 
ever a  long  period  of  maturation  before  they  become  the  red  blood 
corpuscles  of  the  adult  stage.  The  clasmatocytes  and  identical  mono- 
cytes on  the  third  day  have  a  characteristic  segregation  apparatus,  and 
pecuUar  type  of  motion;  the  granulocyte  on  the  third  daj'  has  its  specific 
type  of  granulation,  chemotactic  response  and  characteristic  arrange- 
ment of  the  granulation  to  the  centrosome,  and  finally  the  small  Ij'm- 
phocyte  on  the  fifth  day  has  its  peculiar  nucleus.  That  subsequently, 
when  all  these  types  of  cells  are  dividing,  it  becomes  difficult  to  distin- 
guish all  the  young  cells,  the  whole  histor>'  of  hematology  attests  and 
I  doubt  if  every  type  of  cell  in  adult  bone  marrow  can  be  identified 


64  FLORENCE   R.    SABIN 

before  completion  of  the  study  of  developing  blood  in  the  entire  cycle 
of  the  embryo  wdth  vital  methods  has  been  accomplished,  especially 
stud}4ng  the  cells  just  after  division. 

It  is  now  possible  to  suggest  as  a  working  basis  for  further  study, 
that  there  are  three  strains  of  cells  of  the  connective  tissues  which 
contribute  to  the  blood  cells.  All  of  these  strains  give  more  cells  to 
the  connective  tissues  than  to  the  blood.  They  are  the  angioblasts  which 
give  the  endotheUum,  the  erythrocytes  and  the  monocytes;  of  these  the 
red  corpuscles  are  all  intra-vascular  unless  the  extra-vascular  origin  of 
red  cells  in  bone  marrow  of  mammals  proves  correct.  The  red  cells 
have  a  specific  granulation  which  can  be  stained  vitally  and  is  arranged 
around  the  nucleus.  The  monocyte  stem  is  largely  extra-vascular, 
in  small  part  intra-vascular,  giving  the  histiocytes  which  are  the  mono- 
cytes of  the  blood  and  the  clasmatocytes  of  the  connective  tissues. 
They  have  developed  along  the  line  of  the  phagocytic  power  of  their 
parent  cell,  endothelium,  and  are  especially  differentiated  to  take  up 
and  store  particulate  matter.  It  has,  I  think,  become  clear  that  cer- 
tain endothelial  cells,  like  the  Kupffer  cell  of  the  hver,  which  is  a  special- 
ized endotheUal  cell  within  the  capillaries  of  the  Uver  anchored  out 
into  the  blood  stream  by  guy  ropes  of  cytoplasm,  and  the  endothelial 
cells  of  the  veins  of  the  splenic  pulp  as  well  as  the  endothelium  of  the 
Splenic  sinuses  have  the  maximum  power  of  phagocytosis  and  that  they 
clear  the  blood  stream  of  foreign  particles  within  a  very  few  minutes. 
Such  foreign  particles  are  constantly  excreted  by  the  kidneys  but  if 
more  particles  are  introduced  than  the  kidney  cells  can  excrete  for  the 
time  being,  the  clasmatocytes  of  the  connective  tissues  take  up  the  dye, 
store  it  and  eventually  give  it  back  for  excretion.  It  is  obvious  that 
the  amount  of  dye  in  the  experimental  procedures  is  very  far  in  excess 
of  any  usual  amount  of  foreign  material  to  be  found  in  an  organism; 
moreover  the  substances  used  in  the  exj)eriments  arc  all  insoluble. 
These  same  cells  take  up  red  blood  cells  and  cell  d<51)ris.  How  extensive 
their  function  and  how  related  to  normal  metabolism  in  the  taking  uj) 
of  substances  which  they  can  dissolve  is  not  known.  Shipley  (G4a) 
regards  their  vacuoles  as  organs  of  digestion. 

The  second  strain  is  the  granulocyte.  Those  cells,  certainly  the 
neutrophilic  leucocytes,  are  al-so  phagocytic  but  they  are  developed 
especially  along  the  line  of  a  true  amoeboid  type  of  motion  with  fkiidity 
of  the  cytoplasm  and  marked  (lowing  of  the  granulations  .'ussociuted  with 
great  speed  of  locomotion.  They  develop  specific  types  of  granules 
which  arc  at  fir'   ••':•••  definitely  arranged  in  a  crescent  around  the 
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centrosome.  They  are  specifically  sensitive  to  certain  chemicals,  that 
is  to  say,  they  have  a  high  degree  of  chemotaxis.  The  small  amount  of 
knowledge  we  have  of  these  cells  seems  to  verify  Ehrlich's  theory  that 
their  functions  are  related  to  their  specific  granules,  since  it  has  been 
shown  that  the  neutrophilic  leucocyte  has  a  proteolytic  action  prob- 
ably brought  out  when  the  granules  are  set  free  from  the  cell.  Thus 
pus  from  neutrophilic  leucocytes  becomes  fluid.  The  neutrophilic 
leucocytic  cell  responds  to  certain  known  stimuli  such  as  the  pyogenic 
bacteria  or  their  toxins,  the  eosinophiUc  to  certain  others  such  as  those 
produced  by  parasites.  The  mast  cells  are  the  least  understood  and 
are  granulocytes  which  develop  late  and  remain  extra^vascular,  since 
the  mast  cells  of  the  blood  have  been  shown  by  Weidenreich  to  be 
degenerating  cells  and  not  true  mast  cells.  Mast  cells  occur  in  the 
bone  marrow,  along  blood  vessels  and  between  muscle  fibers;  their  func- 
tion is  totally  unknown. 

The  third  strain  is  the  lymphocyte  which  is  the  last  to  develop  and 
is  exceedingly  widely  distributed.  It  occurs  in  lymph  glands,  hemal 
glands  and  spleen,  that  is,  in  a  reticulum  near  lymphatic  or  vascular 
sinuses  by  means  of  which  it  enters  the  blood  stream.  It  also  occurs  in 
small  folhcles  near  lymphatic  capillaries  and  ducts  or  even  in  small 
clumps  without  such  relation  very  widely  distributed  throughout  the 
organs  and  in  bone  marrow  as  well.  Thus  it  may  occur  wherever  there 
is  reticulum.  In  fact  it  makes  the  third  great  stem  of  the  diffuse  con- 
nective tissue  cells,  which  are  clasmatocji^es,  fibroblasts  and  small 
round  cells  or  lymphocytes. 

Thus  the  separation  of  these  three  strains  of  white  blood  cells  by  the 
embryological  method  seems  to  correspond  with  functional  groups  as  far 
as  they  are  yet  vaguely  known,  the  leucocytes  being  highly  amoeboid 
types,  with  specialized  chemotactic  responses  and  functions  probably 
related  to  their  granulations,  the  monocyte  stem  with  its  specialized 
powers  of  phagocytosis  and  the  lymphocytes  with  their  marked  sen- 
sitivity to  x-rays  and  their  relation  to  certain  forms  of  immunity. 

The  sharp  separation  of  the  blood-forming  organs  into  two  groups, 
bone  marrow  and  lymph  glands,  as  Ehrhch  thought,  has  not  been  borne 
out.  In  the  first  place,  blood  is  not  so  sharply  separated  from  the 
connective  tissues  in  general.  In  the  embryo  the  origin  of  blood  from 
the  connective  tissues  is  very  widespread  and  can  be  made  much  more 
so  by  certain  experimental  stimuli.  In  the  adult  the  location  of  the 
differentiation  of  blood  cells  is  much  more  restricted.  Two  cells  are 
necessary,  reticulum  and  endothelium.     The  reticular  cell  in  its  rela- 


66  FLORENCE   R.    SABIN 

tion  to  blood  needs  much  more  study.  Under  normal  conditions  the 
origin  of  the  red  cells  is  restricted  to  the  bone  marrow,  the  origin  of  the 
histiocytes  of  the  blood  takes  place  certainly  from  endothelium  in 
certain  special  areas  in  the  adult.  How  much  the  differentiation  of 
new  clasmatocytes  goes  on  normally  in  the  adult  or  how  much  it  can 
be  stimulated,  is  not  yet  clear.  The  origin  of  granulocytes  cannot  be 
regarded  as  retricted  to  the  bone  marrow  when  one  considers  the 
eosinopliiles  and  the  still  more  widely  distributed  mast  cells.  Lympho- 
cytes arise  in  the  bone  marrow  as  well  as  in  all  so  called  lymphoid 
tissue. 

The  study  of  the  blood  at  the  present  time  has  passed  beyond  the 
morphological  stage  and  is  a  part  of  the  development  of  modern  experi- 
mental cj^ologj'.  In  this  study  the  anatomist,  the  physiologist  and  the 
pathologist  meet  on  common  ground. 
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ARTERIOSCLEROSIS 

W.  G.  MacCALLUM 
Johns  Hopkins  Medical  School,  Baltimore 

The  following  review  of  the  present  status  of  our  knowledge  of  arterio- 
sclerosis was  attempted  unwillingly  for  it  must  be  apparent  to  all  that 
most  of  the  extensive  literature  upon  this  subject  consists  of  reviews. 
These  are  based  upon  the  few  papers  which  represent  real  study  of  the 
anatomical  and  functional  changes,  so  that  apart  from  the  conflict- 
ing results  of  these  few  investigators  one  is  impressed  by  the  feeling 
that  most  of  what  is  written  has  only  the  value  of  opinion  and  that 
we  are  extraordinarily  ignorant  with  respect  to  this  common  affection. 
Diametricallj-  opposite  views  are  put  forward  as  to  the  causes,  the 
anatomical  nature  and  effects  of  arteriosclerosis,  many  names  of  dif- 
ferent significance  are  proposed  for  it  and  withal  there  has  been  no 
unanimity  of  opinion  as  to  what  should  be  included  under  this  heading 
and  what  excluded. 

For  the  purposes  of  this  review  I  shall  use  the  term  arteriosclerosis 
rather  than  atheroma,  endarteritis  deformans,  atherosclerosis  or  any 
of  the  other  terms  already  proposctl,  simply  because  it  is  the  most 
familiar  and  best  established  and  because  it  expresses  accurately  enough 
our  very  inaccurate  knowledge  of  the  condition. 

For  the  purposes  of  this  review  we  nmst  exclude  from  consideration 
syphilitic  aortitis  and  arteritis,  distinctly  infectious  processes  in  the 
arteries  caused  by  other  organisms  such  as  the  tubercle  l)acillus  and  the 
unknown  cause  of  periarteritis  nodosa,  traumatic  and  toxic  injuries 
leading  to  thrombosis  and  healing  processes  in  the  vessels,  and  perhaps 
with  less  justification,  all  the  fonns  of  ohIitcMiUiiig  endarteritis  which 
cause  the  occlusion  of  the  vess(!ls  of  tlie  extremities  and  of  organs. 

ArterioHcIeroHis  remaining  for  consideration  here  is  an  affection 
of  the  arteries  whos<'  cause  is  not  yet  clearly  known.  It  is  characterized 
by  constant  anatomical  changes  of  which  the  most  conspicuous  is 
a  thickening  of  the  intima  accompanied  by  fat  deposits.  Changes  in 
the  niu)4cular  tisstje  of  tiie  media  and  in  the  eljustic  tissue  are  sometimes 
extreme  but  often  very  inconspicuous.  These  criuuiges  indicate  a 
deterioration  in  the  functional  capacity  of  the  walls  and  are  followed 
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by  necrosis,  calcification,  etc.,  which  are  secondary  changes  but  which 
generally  constitute  the  most  obvious  alteration  in  the  diseased  vessel 
wall. 

Marchand  sums  up  arteriosclerosis .  in  its  wider  sense  as  all  those 
changes  of  the  arteries  which  lead  to  a  thickening  of  the  wall,  especially 
of  the  intima,  in  whose  development  degenerative  changes  (fatty  de- 
generation with  its  results)  sclerosis  and  calcification  (including  cal- 
cification of  the  media)  arise  together  with  inflammatory  and  produc- 
tive processes. 

It  must  be  remembered,  however,  that  while  all  students  of  arterio- 
sclerosis recognize  the  occurrence  of  lesions  in  the  various  coats  and 
tissues  of  the  vessel  they  are  far  from  unanimous  in  their  conceptions 
of  the  order  in  which  these  arise  and  of  the  relations  which  they  bear  to 
one  another.  For  some  the  lesions  of  the  media  are  primary,  those  of 
the  intiina  secondary  or  compensatory — for  others  the  reverse  is  true. 
Equally  discordant  opinions  are  expressed  as  to  the  disturbances  of 
function  which  result  from  or  are  the  causes  of  these  changes.  The 
time  is  ripe  for  a  searching  new  study  of  the  whole  matter,  but  little 
can  be  expected  from  a  review. 

Nevertheless,  the  available  material  may  be  considered  under  three 
heads: 

1.  The  anatomical  changes  in  the  vascular  system. 

2.  The  associated  functional  disturbances. 

3.  Etiology. 

1.  The  anatomical  changes  in  the  arteries.  The  current  descriptions 
of  the  histological  structure  of  the  arteries  leave  much  to  be  desired 
(Renault,  KoUiker,  Ebner,  Griinstein,  Klotz)  but  in  so  far  as  this  con- 
cerns the  arrangement  of  the  musculature  and  elastic  tissue  it  is  due, 
as  V.  Ebner  points  out,  chiefly  to  the  great  variability  of  structure  in 
different  parts  of  the  arterial  tree.  Not  only  are  there  constant  dif- 
ferences among  the  arteries  but  the  structure  of  the  wall  at  the  same 
point  in  a  given  artery  may  varj'  in  different  individuals.  It  is 
with  regard  to  the  minuter  structure  of  the  intima,  however,  that  most 
uncertainty  persists. 

In  general  the  aorta  and  those  trunks  which  developed  in  the  bran- 
chial arches  maintain  a  lamellar  arrangement  of  the  elastic  tissue  in 
the  media  while  such  arteries  as  the  coeliac  axis,  the  superior  and  in- 
ferior mesenteries,  renal  arteries,  common  iliacs  and  femorals  present  a 
media  composed  essentially  of  smooth  muscle  with  a  cobweb-like  ar- 
rangement of  delicate  elastic  fibrils  which  run  in  all  directions,  while 
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the  denser  elastic  tissue  is  relegated  to  the  adventitia.  The  popliteal 
and  tibial  arteries  are  said  to  be  exceptions  to  this  rule  but  this  is  not 
true,  and  while  the  brachial  arteries  for  some  distance  show  lamellated 
elastic  tissue  in  the  media,  the  more  peripheral  parts  of  the  arteries  of 
the  arm  have  the  structure  of  those  of  the  leg.  This  lamellated  struc- 
ture of  the  media  is  also  found  for  a  short  way  in  the  proximal  parts 
of  the  intercostal  arteries  and  exquisitely  developed  in  the  pulmonary 
artery. 

Longitudinal  tangential  section  of  such  a  vessel  with  lamellated 
elastica  in  the  media  shows  very  plainly  the  flat  spiral  arrangement  of 
the  smooth  muscle  fibers  which  alternate  their  direction  in  successive 
layers  so  that  in  the  section  they  appear  to  take  a  herring-bone  arrange- 
ment. The  laminae  are  supplemented  by  numerous  fibrils  of  elastic 
tissue  which  accompany  the  muscle  fibers.  Tangential  sections  through 
the  media  of  vessels  which  have  no  lamellated  elastica  show  no  such 
rapid  alternation  in  the  direction  of  the  muscle  fibers.  In  them  (renal) 
there  are  sometimes  bundles  of  longitudinal  muscle  fibers  outside  the 
media  accompanied  by  the  longitudinal  elastic  fibers  of  the  adventitia. 

The  elastic  tissue  of  the  adventitia  is  chiefly  represented  by  longi- 
tudinally placed  fibrils  which  take  a  steep  spiral  direction  but  in  such 
vessels  as  the  superior  mesenteric  and  coeliac  axis  there  is  generally 
a  quantity  of  elastic  tissue  coursing  in  a  circular  direction  as  though 
pushed  out  from  the  media.  An  external  elastic  lamella  is  described 
in  many  vessels  but  it  is  usually  not  a  distinct  lamella  but  only  the 
last  lamella  of  the  media  or  the  innermost  elastic  layer  of  the  adventi- 
tia. The  development  of  adventitia  varies  greatly  in  different  tracts 
of  the  vascular  tree.  It  is  important  in  carrying  the  vasa  vasorum 
but  little  attention  has  been  devoted  to  it  otherwise  in  the  considera- 
tion of  arteriosclerosis.  Longitudinal  nmscle  bundles  are  somotimcs 
a  very  prominent  constituent. 

In  general  the  intimal  coat  has  been  tlie  center  of  interest.  There  is 
no  difference  of  opinion  as  to  the  constant  endotlielial  lining  except 
that  Home  early  authors  attempted  to  show  the  origin  of  the  connective 
tissue  layers  from  these  cells,  an  idea  easily  disniisscd  by  Mnrchand. 
The  tissues  outside  the  endothelial  layer  and  williin  the  media  liave 
been  discuswul  by  Langhans,  KoUiker,  Ebner,  Ebcrth,  Ranvier,  Key 
Aberg,  Jores  and  many  others,  and  a  fair  unaniiiiity  of  opinion  arrived 
at,  although  much  of  tiie  earlier  work  was  done  in  tiic  lack  of  all  the 
more  recent  staininR  methods.  Key  Ab(>rg  described  the  internal 
elastic  lamina  with  its  associated  longitudinal  smooth  muscle  fibers 
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and  the  innermost  layer  of  a  tissue  more  difficult  to  interpret.  This  is 
composed  of  a  finely  fibrillar  or  granular  ground  substance  in  which 
lie  the  cells  first  clearly  described  by  Langhans  although  pictured  also 
by  Virchow,  These  are  much  branc"hed  cells,  sometimes  very  large 
and  stretching  far  and  wide  their  long  processes  which,  like  the  rest  of 
the  cell  body,  often  contain  granules  which  are  probably  fatty.  He 
distended  with  an  asphalt-chloroform  injection  mass  a  network  of 
canaliculi  which  correspond  fairly  well  with  the  outlines  of  these  cells. 
Similar  canaliculi  could  be  injected  in  the  media  but  in  both  cases  his 
drawings  remind  one  of  the  artificial  spaces  which  can  be  formed  in  a 
similar  way  in  the  cornea  and  scarcely  suggest  preformed  spaces.  In 
several  attempts  I  have  so  far  not  succeeded  in  injecting  india  ink  into 
any  spaces  in  the  thickened  intima  of  a  sclerotic  aorta  but  once  air 
was  driven  into  the  tissue  so  as  to  distend  a  network  of  tiny  spaces. 

Jores  devoted  a  great  deal  of  space  to  the  consideration  of  the  his- 
tology of  the  intima  of  the  aorta  and  recognized  a  musculo-elastic 
layer  (Thoma)  composed  of  a  thin  outer  and  a  thicker  inner  layer  of 
elastic  tissue  between  which  were  the  longitudinal  muscle  fibers.  In- 
side this  he  describes  a  fibro-olastic  layer  in  which  laminae  or  fibers  of 
elastic  tissue  derived  from  the  internal  elastica  are  interspersed  with 
connective  tissue  elements.  Still  nearer  the  lumen  is  a  layer  of  almost 
pure  connective  tissue. 

In  my  own  observations  the  variation  in  the  structure  of  the  intima 
is  so  great  in  different  vessels  that  any  single  description  seems  con- 
ventional. It  is  true  that  at  the  inner  margin  of  the  media  one  can 
generally  distinguish  a  musculo-elastic  layer  which  is  composed  in  its 
most  typical  form  of  an  outer  single  smooth  lamina  of  elastic  tissue, 
a  layer  of  longitudinal  muscle  fibers  and  an  inner  layer  of  elastic  tissue, 
less  simple  than  the  outer  and  clearly  made  up  of  a  network  of  fibers 
or  laminae.  There  must  be  a  chemical  difference  between  these  two 
elastic  structures  for  the  outer  stains  red  when  the  inner  fibers  are 
blue,  or  brownish-red  when  they  are  purple.  The  inner  layer  is  often  in 
immediate  contact  with  the  endothelium  in  smaller  vessels.  It  is  not 
a  single  lamella  as  a  rule,  although  it  may  appear  so  in  places,  but 
tends  to  split  up  into  a  whole  series  of  lamellae  or  rows  of  fibers.  Jores' 
emphasis  of  this  as  a  hyperplastic  or  hypertrophic  process  seems 
labored  when  it  is  so  generallj^  present  and  it  is  so  difficult  to  find  any 
part  of  any  artery  in  which  it  forms  a  single  lamella.  Other  finer  elas- 
tic fibrils  spread  away  into  the  innermost  layers  of  the  intima.  There 
seems  to  be  no  pure  connective  tissue  laj^er  on  this  account  and  in 
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any  case  the  differential  stains  do  not  bring  out  much  connective  tissue 
in  characteristic  form  in  the  intima.  In  a  section  stained  by  Van 
Gieson's  method  the  intima  has  a  vague  purpHsh  color  in  great  contrast 
with  the  sharp  red  of  the  adverititia.  The  cells  are  extremely  incon- 
spicuous until  aiteriosclerotic  changes  arise.  Under  those  conditions 
they  can  be  described  in  detail  later.  Such  cells  as  are  seen  in  the 
normal  intima  have  the  appearance  of  smooth  muscle  and  are  often 
seen  to  be  continuous  with  the  smooth  muscle  of  the  musculoelastic 
layer.  However,  this  is  a  point  left  unsettled  by  Langhans,  Key  Aberg 
and  all  the  others.  The  tendency  is  to  regard  these  branching  cells  as 
of  connective  tissue  origin  although  it  is  impossible  to  decide  on  mor- 
phological grounds  alone.  It  is,  however,  evident  that  the  elements 
of  the  internal  elastic  lamella  offer  no  obstacle  to  the  extension  or 
growth  of  tissue  from  the  underlying  media  into  the  region  of  the  intima 
and  it  seems  unnecessary  to  ascribe  the  origin  of  all  tissue  found  in  the 
thickened  intima  in  arteriosclerosis  to  the  cells  of  the  intima  itself.  In- 
deed, cells  appear  there  which  could  hai-dly  have  originated  in  the  intima. 

On  such  a  basis  of  normal  anatomy  the  descriptions  of  arteriosclerosis 
have  been  constructed.  It  is  possible  to  pass  over  the  early  descrip- 
tions of  Rokitansky  and  Virchow  and  even  those  of  Koester,  who  ap- 
pears to  have  described  the  mesarteritis  of  syphilis.  Nevertheless, 
we  shall  have  to  recur  to  Kocster's  ideas  of  the  part  played  by  the  vasa 
vasorum.  Marchand,  llibbert,  Reich,  Thonui  and  others  have  opposed 
him  on  the  ground  that  arteriosclerosis  is  not  an  inflannnatory  process 
in  the  precise  sense  of  the  word  but  rather,  as  Marchand  said,  a  nutri- 
tive disturbance  of  the  vessel  wall  followed  by  sclerosis  and  degeneration. 

Thoma  has  made  himself  conspicuous  by  liis  long  campaign  in  favor 
of  a  mechanical  origin  of  the  condition.  His  theories  are  hardly  gener- 
ally accepted  now  but  there  are  some  adiu'rents.  In  principle  he  tiiinks 
the  whole  process  dependent  upon  a  localized  or  more  widespread  weak- 
ening of  the  nujscular  media  which  bulges  outward,  thus  bringing  about 
a  slowing  of  the  blood  stream  in  the  widened  area.  This,  by  some 
means  not  clearly  explained,  leads  to  a  new  formation  of  tissue  on  the 
part  of  the  intima,  sufficient  to  fill  up  level  the  depression  ]>ro(lucc(l 
by  the  bulging  of  the  m<'dia.  When  the  artery  is  laid  open  this  patch 
of  fibrouK  iiiwuv  is  thrown  into  relief  by  the  turning  outward  of  the 
claMtie  wall—but  if  the  art<'ry  be  injected  witli  paraflin  at  the  blood 
prcmure,  the  eawt  on  cooling  will  show  a  smooth  wall. 

Every  point  in  Thoma's  arinunent  has  been  pretty  surely  demolished 
by  his  criticfi.    The  weakening  of  the  me(ha  is  not   obvious  until  a 
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late  stage  is  reached  and  then  it  may  well  be  the  effect  of  the  dense 
plaque  of  tissue  lying  upon  it.  There  is  no  cogent  reason  to  believe 
that  a  slight  dilatation  would  be  compensated  by  the  new  formation  of 
tissue.  If  it  were,  it  ought  to  be  formed  as  in  the  case  of  the  granula- 
tion tissue  which  replaces  the  stagnant  column  in  a  ligated  vessel.  In 
that  case  the  mode  of  development  of  elastic  tissue  should  be  Jores' 
regenerative  type  and  there  is  difficulty  in  understanding  the  colossal 
amounts  of  fat  which  are  lodged  in  the  tissue  from  the  beginning.  Thoma 
begins  with  the  scholastic  argument  that  in  the  aorta  of  the  embryo 
there  is  no  connective  tissue  intima  and  that  it  is  the  closure  of  the 
ductus  Botalli  and  the  umbilical  arteries  that  brings  about  a  change 
in  pressure  in  this  portion  of  the  circulation  which  thus  becomes  too 
wide  and  nmst  be  adapted  by  new  formation  of  connective  tissue  in 
the  intima.  This  is  the  same  principle  which  he  uses  in  explaining 
arteriosclerosis  when  he  claims  that  a  slowing  of  the  stream  from  local 
dilatation  produces  a  compensator}'  thickening  and  releveling  of  the  wall. 

Jores  writes  at  very  great  length  on  what  is  represented  as  a  totally 
new  attitude  toward  arteriosclerosis  which  consists  in  distinguishing 
at  first  in  smaller  and  then  in  larger  vessels  between  two  modes  of 
formation  of  new  elastic  tissue  in  the  intima.  Jores'  earlier  studies  had 
shown  that  elastic  tissue  in  the  form  of  very  fine  fibrils  could  be  formed 
afresh  in  new  connective  tissue.  This  process  he  recognizes  now  in  the 
tissue  which  arises  in  the  organization  of  a  thrombus  in  a  vessel  or  in  that 
which  brings  about  the  obliteration  of  a  small  artery.  He  names  it 
the  regenerative  form  of  connective  tissue  growth  of  the  intima  and 
contrasts  it  with  another  which  he  calls  hyperplastic  thickening  of  the 
intima.  The  latter  consists  in  the  appearance  of  many  lamellae  or 
filaments  of  elastic  tissue  within  the  internal  elastic  lamella  which  he 
thinks  are  split  off  from  the  original  lamella.  He  admits  that  much 
of  this  is  obvious  under  physiological  conditions  but  that  it  becomes 
emphasized  and  is  the  predominant  character  of  the  pathological  thicken- 
ing of  the  intima. 

Of  course,  the  occurrence  of  those  two  forms  or  states  of  division 
of  elastic  tissue  is  true  but  it  seems  to  throw  no  light  on  arteriosclerosis 
to  distinguish  them,  for  one  is  a  characteristic  of  the  formation  of  new 
actively  growing  tissue,  the  other  is  formed  normally  and  is  only  made 
more  conspicuous  by  the  separation  of  the  fibrils  or  lamellae  by  the 
increase  of  other  tissue  in  the  arteriosclerotic  plaque. 

It  seems  difficult  for  Jores  to  bring  himself  to  make  the  statement 
that  this  is  an  abnormal  condition  and  ho  contents  himself  with  say- 
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ing  that  it  is  a  departure  from  the  phj^siological  state.  All  the  rest 
of  his  suggestions  about  the  effects  of  high  blood  pressure  in  augment- 
ing this  and  the  effects  of  strains  which  bear  upon  the  longitudinal 
muscle  seems  pure  speculation.  He  does,  however,  recognize  the 
fact  that  degenerative  changes  with  the  accumulation  of  fat  assume  a 
primary  place  in  the  development  of  arteriosclerosis. 

Voigts,  in  his  dissertation,  set  the  matter  of  the  distribution  of  elastic 
tissue  and  connective  tissue  in  the  intima  in  a  clearer  light  and  showed, 
as  described  above,  that  the  elastic  fibers  inside  the  musculo-elastic 
layer  are  abundant  and  form  no  definite  lamellae  but  only  networks. 
Jores  had  shown  that  fine  fat  droplets  adhere  to  the  elastic  tissue  of 
the  intima  except  the  actual  internal  elastic  lamella  and  also  involve 
the  media.  This  is  readily  seen  in  any  frozen  section  from  a  sclerotic 
vessel  stained  with  Sudan.  A  fine  and  diffuse  red  brown  staining  is 
found  in  patches  in  the  media  and  in  the  intima,  but  while  the  wavy 
lamella  which  forms  the  outer  limit  of  the  musculo-elastic  layer  is 
unaffected,  the  palisade-like  row  of  fibers  which  forms  its  inner  limit 
is  finely  strewn  with  red  globules.  Torhorst  thinks  this  is  not  a  de- 
position of  fat  in  the  elastica  itself  but  rather  in  the  interstitial  sup- 
porting substance. 

Disintegration  of  the  elastica  has  been  described  by  Manchot  and 
others.  Dmitrijeff  describes  degeneration  and  disappcaiance  of  fibers 
and  new  formation  of  elastic  tissue  in  the  course  of  arteriosclerosis. 
Matusewicz  also  describes  and  illustrates  the  more  isolated  calcifica- 
tion of  portions  of  the  elastica  in  the  arterial  wall  and  McMeans  dis- 
cusses in  great  detail  the  degenerative  processes  in  the  elastica  asso- 
ciated with  splitting  and  breaking  of  the  fillers. 

Such  theories  as  that  of  Thoma  wliich  ascribe  the  sclerotic  changes 
to  localized  dilatation  through  weakening  of  the  media,  must  refer 
this  weakening  to  the  smooth  muscle  or  to  the  elastic  tissue  of  that 
wall  but  definite  observations  of  alterations  in  either  of  these  tissues 
except  in  late  stages  of  the  disetuso  are  hardly  to  be  recognized.  It  is 
of  course  true  that  under  thick  degenerated  sclerotic  patches  one  ordi- 
narily finds  the  media  stretchcil  tliin  witli  perfectly  straight  and  rigid 
looking  elastic  lamellae  and  very  nnich  attenuated  muscle  fibers  all 
pressed  together  into  a  mass  whose  details  are  indistinct.  In  earlier 
stages  it  is  possible  to  find  many  breaks  in  the  ehistic  lamellae  but  it 
is  difficult  to  avoid  th<'  idea  that  these  nuiy  be  due  to  artefact  in  mak- 
ing the  section— nevertheless,  in  many  cases  on  tracing  the  homogene- 
OU8  wavy  elastic  lunwlla  that  boundH  the  musculo-ehiHtic  layer  toward 
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the  media  (the  true  internal  elastic  lamella)  breaks  are  found  which 
cannot  be  due  to  artefact  for  from  the  separated  blunt  ends  of  the  broken 
lamella  there  spring  delicate  elastic  fibrils  which  bridge  the  gap.  De- 
structive changes  in  the  muscle  of  the  media  are  rather  more  definite 
when  they  are  found  in  a  section  in  which  the  elastic  tissue  is  stained 
for  they  then  appear  as  patches  filled  up  by  many  collapsed  elastic 
lamellae  between  which  no  traces  of  muscle  remain.  The  granular 
degeneration  of  elastic  fibers  described  by  Jores,  Weiszman  and  Neu- 
man,  is  regarded  by  Voigts  as  not  an  abnormal  condition. 

Ribbert  expresses  the  idea  that  inasmuch  as  some  areas  of  the  best 
arterial  wall  may  be  weak  and  easily  bulged  out  by  a  high  blood  pres- 
sure, it  might  readily  follow  that  the  corresponding  area  of  intima  be- 
comes stretched  over  this  so  that  its  meshes  are  laid  open  and  soon 
filled  with  plasma  pressed  in  from  the  blood  stream.  This  might 
account  for  the  hyaline  edematous  appearance  of  the  plaques  thus 
formed  and  perhaps  also  for  the  advent  of  fat  which  is  so  uniformly 
present.  Nothing  in  this  idea  seems  plausible  for  it  is  difficult  to 
imagine  such  a  power  of  resistance  in  the  intima,  and  further  difficult 
to  understand  why  it  does  not  protect  the  underlying  media  from  the 
distending  force.  The  imbibition  of  blood  fluid  which  may  well  occur 
could  hardly  give  rise  to  all  the  extraordinary  new  tissue  which  forms 
the  plaque  and  which,  if  we  may  believe  Reich's  statements,  is  not  neces- 
sarily formed  in  the  dell  of  an  area  of  stretched  out  media  since  he 
finds  the  internal  elastic  lamella  fixed  in  corrugated  form  between  the 
plaque  and  the  media  w^hile  the  normal  elastic  lamella  stretches  out 
smooth  when  the  artery  is  distended. 

Alb.  AschofT  and  also  L.  Aschoff  trace  in  detail  the  gradual  develop- 
ment of  the  intima  with  its  increasing  elastic  tissue  from  early  youth 
to  mature  age.  After  this  there  is  a  period  of  quiesence  which  is  then 
followed  by  another  period  of  advancing  senility  in  which  no  more 
elastic  tissue  is  formed  but  much  new  connective  tissue.  This  leads 
the  latter  to  the  view  that  the  loss  of  elasticity  is  the  basis  upon  which 
a  compensatory  strengthening  by  the  formation  of  new  connective 
tissue  occurs,  an  idea  which  is  not  very  different  from  Thoma's.  Klotz, 
too,  in  a  long  and  careful  paper  upon  the  importance  of  medial  altera- 
tions, concludes  that  sclerosis  of  the  vessels  is  largely  dependent  upon 
disease  of  the  media  brought  about  by  infections,  poisons,  work  or 
old  age. 

The  discussions  of  the  actual  anatomical  changes  in  arteriosclerosis 
have  brought  forth  little  that  is  new.     Interest  centers  especially  in 
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the  intima  although  Thoma  and  his  students,  Klotz  and  others,  con- 
scientiously seai'ch  for  primary  alterations  in  the  media.  Aside  from 
the  extensive  changes  in  the  media  of  the  peripheral  vessels  which  are 
quickly  followed  by  calcification  or  bone  formation  and  scarring  with 
changes  in  the  intima  which  may  be  comparatively  insignificant  or  which 
may  have  the  character  of  an  obliterating  endarteritis,  the  media  in 
the  aorta  and  visceral  arteries  seems  relatively  little  changed  in  com- 
parison with  the  extent  of  the  internal  alterations.  Such  changes  as 
there  are  may  be  recognized  by  measurement  of  the  thickness  of  the 
media  or  by  the  finding  of  actual  degeneration  and  disintegration  in 
the  muscle  and  elastica  beneath  the  plaque,  always  suggesting  that 
they  may  be  secondary  to  the  presence  of  the  plaque,  as  easily  as  its 
cause.  Little  attention  has  been  devoted  to  the  adventitia  but  Klotz 
and  Adami  point  out  that  this  coat  too  is  sometimes  thickened  opposite 
an  arteriosclerotic  plaque.  I  have  seen  this  also  but  it  is  so  irregular 
and  the  tissue  so  loose  that  it  is  hard  to  believe  that  it  really  affords 
protection  to  that  area. 

In  the  intima  Klotz  has  studied  especially  the  fatty  streaks  which 
are  so  familiar  and  which  he  and  manj^  others  describe  as  occurring  in 
the  same  distribution  as  the  earliest  arteriosclerotic  lesions  in  the  aorta. 
This  I  think  is  not  true  for  the  yellow  flecks  as  a  rule  form  an  almost 
continuous  line  along  the  dorsal  intima  of  the  aorta  and  circling  round 
the  innominate  or  carotid  while  the  actual  sclerotic  plaques  are  quite 
irregularly  placed,  often,  however,  surrounding  the  orifices  of  the  in- 
tercostal arteries.  These  fatty  flecks  have  been  thought  by  many  to 
be  the  transient  effects  of  infection  or  intoxication,  disappearing  after 
convalescence.  This  is  of  course  difficult  to  prove  but  it  seems  plausible. 
Klotz  has  described  them  minutely  showing  that  the  fat,  some  of 
it  anisotropic,  is  accunmlated  in  cells  resembling  lutein  cells  which 
Anitschkoff  calls  cholesterin  phagocytes,  and  also  in  other  larger  branch- 
ing connective  tissue  cells.  The  greater  part  is  apparently  taken  up 
by  the  cells  of  the  first  order  which  are  round  c(>lls  with  alnuulant  j^ro- 
toplaHm  loaded  with  oil  globules,  and  a  small  deeply  stained  nucleus. 
Thoy  are  clustered  loosely  in  clefts  in  the  superficial  intimal  tissue. 
The  branched  cells  which  contain  fat  are  niark(>d  out  to  their  distant 
hranchcH  by  the  fine  globules. 

There  is  no  sharp  line  to  dividr  this  cMrlicst  condition  from  hiter 
Ktngcw  in  which  there  is  lussociated  with  llnsc  I  at  accuinulutions  a  con- 
siderable new  formution  of  tissue  including  (»lastic  tissue  fibrils.  The 
later  anatomical  changes  seem  to  consist  in  ftu'ther  acruniulnlions  of 
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fat,  in  the  multiplication  of  connective  tissue  cells  and  to  a  slight  de- 
gree of  fine  elastic  fibrils,  in  the  appearance  of  much  new  hyaline  fibrous 
tissue  with  a  great  deal  of  material  which  microscopically  has  the  ap- 
pearance of  coagulated  fluid.  Necrosis  and  disintegration  of  the  tis- 
sue about  the  fat  occurs  and  as  the  fat  has  by  this  time  spread  into  the 
musculo-elastic  layer  and  even  into  the  media  these  tissues  tend  to  be 
involved  in  the  disintegration.  But  below  the  accumulation  of  fat 
and  more  especially  above  it,  the  newly  formed  tissue  becomes  dense 
and  pearly  so  that  the  fat  may  not  be  visible  through  the  plaque  thus 
formed.  The  later  alterations  which  result  from  the  decomposition 
of  the  fats,  glycerin  and  cholesterin  esters  and  leeithids,  are  well  known. 
Cholesterin  crystals  appear  in  the  formless  mass  and  calcium  is  de-, 
posited  in  the  form  of  carbonates  and  phosphates.  Klotz  has  explained 
this  as  the  result  of  the  formation  of  calcium  soaps  and  their  later 
decomposition  with  the  production  of  calcium  phosphates  and  car- 
bonates but  Baldauf  and  Wells  object  to  this  theory  on  the  ground  that 
they  can  isolate  no  calcium  soaps  from  sclerotic  arteries.  It  seems  a 
plausible  idea,  however,  and  the  soap  stage  must  at  best  be  very 
evanescent. 

The  dense  pearly  tissue  which  forms  the  plaque  over  (and  under) 
the  necrotic  mass  (atheromatous  material)  in  which  the  fat  lies  is  in- 
teresting on  account  of  its  microscopic  characters.  It  does  not  give 
very  clearly  the  reactions  for  connective  tissue  with  Van  Gieson's  stain 
nor  with  Mallory's  aniline  blue.  The  bands  of  material  of  which  it 
is  composed  are  hyaline  and  do  not  look  like  connective  tissue.  There 
are  peculiar  long  branching  tubules  with  dense  refractive  walls  which 
with  the  intervening  and  differently  staining  hyaline  material  make 
up  the  mass.  In  each  of  these  is  an  elongated  cell  probably  the  branch- 
ing cells  described  by  Langhans  and  Key  Aberg.  It  seems  most  reason- 
able to  regard  these  as  connective  tissue  cells  but  their  nature  is  by  no 
means  certain. 

Although  Klotz  and  many  others  draw  a  distinction  between  the 
arteriosclerosis  of  the  small  vessels  and  that  of  the  aorta,  it  seems  that 
exactly  the  same  changes  are  to  be  found  throughout.  If  they  refer 
to  the  Monckeberg  type  of  medial  sclerosis,  the  distinction  is  plain, 
Init  it  seems  that  the  arteriosclerotic  changes  which  occur  in  the  aorta 
are  also  in  most  cases  to  be  found  in  the  peripheral  vessels. 

The  associated  functional  disturbances.  Under  this  heading  we  should 
consider  the  distribution  of  the  diseased  condition  of  the  arterial  walls, 
the  effects  upon  the  circulation  and  the  heart,  and  the  effects  upon  the 
tissues  supplied  by  the  altered  arteries. 
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Most  authors  (Stengel,  Brooks,  Ortner,  Perutz,  Goldscheider  and 
manj'  others)  lay  stress  on  the  localized  occurrence  of  arteriosclerosis 
in  certain  areas  leading  to  the  production  of  symptoms  which  may  be 
ascribed  to  the  condition  of  the  circulation  in  those  vessels.  Doubt- 
less if  this  is  true  at  all  it  may  be  true  of  many  organs  but  emphasis  is 
laid  upon  the  existence  of  localized  sclerosis  of  the  arteries  of  the  brain, 
of  the  heart,  the  kidneys  and  of  the  intestinal  tract.  In  the  case  of 
the  brain,  aside  from  actual  hemorrhage  from  ruptured  arteries,  tran- 
sient losses  of  function  are  often  ascribed  to  a  spasm  of  the  arteries  or 
to  temporary  inadequacy  of  the  blood  supply  on  account  of  the  nar- 
rowing of  the  arteries.  There  seems  to  be  no  convincing  proof  of  the 
,  occurrence  of  a  spasm  which  might  produce  such  a  cessation  of  func- 
tion and  even  when  there  are  obvious  encroachments  upon  the  lumen 
in  the  arteries  the  explanation  of  a  temporary  lapse  is  difficult.  The 
whole  subject  of  angina  pectoris  which  is  associated  with  sclerosis  of 
the  coronary  arteries  is  too  extensive  to  consider  here.  There  as  in  the 
case  of  the  crises  of  pain  which  sometimes  accompany  arteriosclerosis 
of  the  mesenteric  vessels,  opinion  varies  as  to  whether  pain  is  due  to  a 
cramp  of  the  vessel  walls  or  to  the  sudden  ischemia  produced  by  such 
narrowing. 

With  regard  to  localized  arteriosclerosis  of  the  branches  of  the  renal 
arteries,  there  is  a  great  literature  and  recently  (Lohlein)  even  a  further 
localization  in  the  arterioles  of  the  glomeruli  is  held  responsible  for 
many  of  the  disturbances  in  function.  Jores  finds  that  sclerotic  changes 
with  hyperplasia  of  the  internal  elastica  are  not  present  in  all  cases  of 
contracted  kidney  in  chronic  nephritis  nor  in  the  acute  and  subacute 
forms  in  which  there  is  already  high  blood  pressure.  But  this  too  is 
a  subject  which  cannot  here  be  considered  in  detail. 

With  regard  to  the  effect  of  general  and  localized  arteriosclerosis 
upon  the  circulation  there  has  been  much  speculation  without  as  much 
actual  observation  and  experiment. 

The  arteries  become  rigid,  lose  their  distcnsibility  and  resilience, 
loee  to  some  extent  their  muscular  contractility  and  are  in  addition 
in  some  cases  dilated  and  deformed,  in  others  intermittently  or  exten- 
wvcly  encroaciied  upon  l)y  thickenings  of  their  walls.  One  may  fre- 
quently observe  this  laHt  fact  in  the  coronary  or  mesenteric  arteries  in 
which,  while  much  of  the  artery  is  thin  walled  and  dilated,  there  are 
marked  conHtriclionH  at  certain  points  produced  by  thick  projecting 
pliU|ueM  of  scleroeis.  These  are,  in  general,  affection  of  the  larger 
and  niedium-sised  vesaelB.    The  very  small  arterioles  and  of  course 
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the  capillaries  are  in  general  less  affected  although  in  some  localities, 
as  in  the  kidneys,  they  are  definitely  thickened  and  narrowed. 

The  effect  of  these  changes  upon  the  general  arterial  blood  pressure 
is  one  point  which  has  been  discussed;  the  effect  upon  the  rate  of  de- 
livery of  blood  to  the  tissue,  the  other. 

Romberg  states  that  the  very  rigidity  of  the  walls  interferes  with  the 
passage  of  the  blood  at  the  normal  rate,  while  AUbutt  opposes  the  idea 
that  this  can  offer  any  great  resistance  and  thus  bring  about  a  hyper- 
tension. Hasenfeld  put  forward  the  idea  that  arteriosclerosis  of  the 
splanchnic  arteries  might  oppose  a  great  resistance  to  the  heart  and  it 
was  actually  shown  by  Longcope  and  McClintock  that  ligation  of  the 
splanchnic  arteries  produced  a  marked  rise  in  blood  pressure,  while 
obstruction  of  other  arteries  had  little  or  no  effect.  But  Marchand 
showed  that  there  is  little  relation  between  arteriosclerosis  of  the 
splanchnic  arteries  and  cardiac  hj^pertrophy.  In  general,  it  is  difficult 
to  correlate  high  blood  pressure  and  cardiac  hypertrophy  with  arterio- 
sclerosis. In  an  analysis  made  by  H.  P.  Smith  of  seventy-two  cases  at 
autopsy,  chosen  because  the  blood  pressure  was  high,  it  was  found  im- 
possible to  show  any  parallelism  between  arteriosclerosis  and  blood 
pressure,  while  there  is  a  very  marked  parallelism  between  the  curves 
indicating  the  degree  of  nephritis,  hypertension  and  cardiac  hyper- 
trophy. The  lack  of  the  auxiliary  contractility  of  the  arteries  in 
driving  on  the  blood  into  the  capillaries,  the  lack  of  distensibility  of  the 
larger  arteries,  and  the  actual  narrowing  of  certain  points  in  many 
arteries  by  encroaching  plaques,  must  offer  some  increased  resistance 
to  the  heart  but  it  seems  insignificant  in  its  effects  upon  the  blood 
pressure  and  upon  the  heart  itself  when  contrasted  with  the  overwhelm- 
ing effects  of  chronic  nephritis.  Heightening  of  the  blood  pressure 
seems  to  be  a  phenomenon  actively  produced  by  the  circulatory  appara- 
tus and  not  the  passive  result  of  changes  in  the  walls  of  the  arteries. 

With  regard  to  the  changes  in  the  amount  of  blood  delivered  to  the 
tissues  by  sclerotic  arteries,  we  have  no  actual  figures  but  there  is  much 
indirect  evidence  of  a  somewhat  unsatisfactory  kind. 

The  part  plaj^ed  by  sclerosis  of  the  coronary  vessels  in  the  production 
of  myocardial  scars  has  been  much  discussed  and  all  the  evidence  tends 
to  show  that  (Fujinami,  Strauch)  in  most  cases  at  least  the  coronary 
branches  leading  to  the  scarred  areas  are  not  sclerotic.  Nor  is  the 
matter  made  clear  l)y  the  assumption  that  narrowing  of  the  ostium  of 
the  coronary  is  responsible.  In  many  cases  the  affected  areas  of  the 
heart  wall  are  in  places  scar-like,  in  other  places  soft,  translucent  and 
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deep  grajash-red.  These  seem  to  be  early  stages  in  the  formation  of 
a  scar — the  heart  muscle  fibers  are  lost  but  the  granulation  tissue  which 
replaces  them  is  extremely  vascular.  This  in  itself  is  inconsistent 
with  the  idea  of  scar  formation  on  account  of  anemia,  and  probably 
is  only  one  representative  of  the  large  group  of  cases  in  which  causes 
other  than  restriction  of  the  circulation  (infections,  toxins)  have 
destro5'^ed  the  myocardium. 

Sclerosis  of  the  vessels  of  the  kidney  in  association  with  scarring  of 
the  kidney  substance  presents  exactly  the  same  problems.  The  state- 
ment is  rather  dogmatically  made  that  sclerosis  of  the  fine  branches  of 
the  renal  arteries  is  the  cause  of  the  degeneration  and  scarring  of  the 
kidneys  in  certain  cases.  Side  by  side  with  these  are  cases  in  which 
the  kidneys  are  equally  scarred  and  degenerated,  in  which  there  is 
little  or  no  arteriosclerosis.  It  is  as  difficult  to  accept  the  idea  that  the 
arteriosclerosis  causes  the  shrinkage  of  the  kidney  as  the  reverse.  Some 
light  seems  to  be  thrown  upon  this  by  the  indisputable  instances  in 
which  the  loss  of  function  of  an  organ  is  followed  by  changes  in  the 
arteries  which  lead  to  their  narrowing  by  a  process  of  obliterative 
endarteritis  and  whether  the  destruction  and  loss  of  tissue  be  brought 
about  by  the  climacterium  or  by  age  or  by  disease,  there  is  the  corre- 
lated effect  upon  the  supplying  arteries. 

Etiology  and  pathogenesis  of  artei'iosclerosis.  Arteriosclerosis  is  one 
of  those  diseases  difficult  to  explain  because  it  develops  so  slowly  through 
long  years  of  life  during  which  a  great  many  possible  causes  have  had 
an  opportunity  to  affect  the  tissues.  Our  brilliant  discoveries  as  to 
the  etiology  of  disease  come  most  readily  when  the  transition  from 
health  to  a  pathological  state  is  sudden  and  easily  recognized  by  symp- 
toms. Hence  every  conceivable  idea  has  been  expressed  and  tena- 
ciously maintained  with  regard  to  this  condition  and  many  of  them 
are  so  vague  and  ill-supported  that  it  is  wearisome  to  discuss  them. 
None,  however,  is  clearly  demonstrated  to  have  a  definite  bearing  on 
the  etiology  of  arteriosclerosis  and  we  are  quite  as  ignorant  of  its  under- 
lying cause  as  were  our  forefathers  in  the  days  of  Morgagni. 

If,  however,  we  rehearse  them  once  more  it  will  be  soon  how  little 
actual  proof  there  is  for  the  oflicacy  of  these  things  in  producing  the 
dificase.  If  we  set  them  down  in  a  taWe  with  the  names  of  those  who 
have  exprciwed  thenisolvos  for  and  against  each  theory,  we  find  the 
columns  about  cciually  filled  with  names. 

Mere  old  age  can  hardly  bo  regarded  as  a  peparato  factor  in  produc- 
ing this  condition  since  it  is  necoHHarily  complicated  by  nwuiy  other 
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possibilities.  Arteriosclerosis  does  not  steadily  increase  with  age  as 
is  shown  by  the  analysis  of  many  cases  at  autopsy  by  decades,  although 
it  may  well  be  said  that  those  dying  in  the  later  decades  are  in  a  sense 
selected  persons  who  did  not  die  of  arteriosclerosis.  It  is  found,  how- 
ever, in  children  and  in  a  particularly  highly  developed  form  in  young 
people.     Romberg  and  Baumler  set  aside  old  age  as  an  essential  factor. 

Hereditary  tendencies  have  been  emphasized  by  Osier,  Romberg, 
Fraenkel,  Kisch  and  Hirsch  but  not  regarded  as  important  by 
V.  Schrotter,  Thoma  and  Edgren.  Doctor  Osier  spoke  of  the  quality 
of  the  arteries  with  which  one  came  into  the  world. 

Hard  muscular  work  has  been  thought  to  favor  the  development  of 
arteriosclerosis  but  the  evidence  is  contradictory.  While  Weiss  found 
it  present  in  workers  in  foundries  and  factories,  Edgren  could  not  con- 
firm this  in  farm  laborers  who  are  supposed  to  work  hard.  Of  course, 
this  too  is  not  an  isolated  factor  because  hard  bodily  labor  usually 
brings  with  it  exposure  to  unhygienic  housing  conditions,  abuse  of 
alcohol  and  tobacco,  syphilis  and  other  infections  and  even  in  certain 
trades  to  toxic  influences  such  as  the  fumes  or  dust  from  metallic  and 
other  poisons. 

It  is  assumed  to  act  through  a  heightening  of  blood  pressure.  Per- 
haps a  rather  pure  example  is  that  of  Marchand  who  found  in  a  young 
person  who  stood  on  one  foot,  the  other  leg  being  paralyzed,  a  marked 
sclerosis  of  the  vessels  of  the  overworked  leg. 

High  blood  pressure.  This  brings  up  the  factor  of  heightened  arterial 
pressure  which  is  by  one  group  regarded  as  the  intermediary  through 
which  many  of  the  other  influences  act.  Sir  Clifford  Allbutt  lays 
great  stress  upon  the  separation  of  those  cases  of  arteriosclerosis 
which  occur  under  conditions  of  heightened  blood  pressure  (hyper- 
piesis)  from  those  which  occur  in  its  absence  and  are  found  without 
hypertrophy^  of  the  heart  usually  in  persons  of  avanced  age  (decrescent 
form).  He  does  not  believe  that  the  arteriosclerosis  itself  is  the  cause 
of  hypertension  nor  would  he  insist  that  hypertension  is  always  fol- 
lowed by  arteriosclerosis  but  without  giving  a  convincing  histological 
basis  for  their  separation  he  maintains  the  distinction  between  these 
forms.  It  is  of  course  common  enough  to  find  arteriosclerosis  in  cases 
of  hypertension  even  without  renal  disease  but  as  Lubarsch  and  Pal 
have  shown  and  as  we  have  all  observed,  there  are  cases  of  extreme 
hypertension  without  an}'  arteriosclerosis.  Where  hypertension  is  local, 
as  it  can  be  in  onlj'^  a  few  places,  as  in  the  pulmonary  ai'tery  in  mitral 
stenosis,  or  when  a  communication  between  aorta  and  pulmonary  artery 
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is  formed  by  the  nipture  of  an  aneurysm  or  by  the  ductus  arteriosus  in 
malformed  hearts,  we  usually  find  sclerotic  plaques  in  the  vessel  wall. 
Ljungdahl  has  studied  this  condition  in  many  cases  and  finds  that.it 
is  chiefly  developed  in  those  instances  in  which  the  artery  is  function- 
allj'^  overstrained.  Mitral  stenosis,  congenital  malformations  and 
extreme  pulmonary  emphysema  are  the  principal  causes. 

On  the  whole  there  is  a  widespread  idea  that  heightened  tension  from 
whatever  cause  is  a  fundamental  factor  in  the  production  of  arterio- 
sclerosis. It  is  assumed  in  the  experimental  studies  cai'ried  out  with 
adrenalin  and  with  mechanical  means  of  raising  the  pressure,  it  is  used 
to  account  for  the  position  of  sclerotic  plaques  at  the  orifices  of  inter- 
costal and  other  vessels,  but  in  no  case  is  it  quite  clear  that  the  increased 
tension  plays  an  essential  part.  On  the  contrary  we  find  cases  of 
nephritis  with  long  standing  high  blood  pressure  with  little  or  no  ar- 
teriosclerosis, although  hypertrophy  of  the  nmscular  coat  may  exist. 
Klotz  attempted  to  produce  a  work  sclerosis  by  raising  the  blood  pres- 
sure in  the  carotids  and  thoracic  vessels  by  hanging  a  rabbit  upside 
down  each  day  for  a  long  time.  He  succeeded  in  causing  thereby  an 
increased  pressure  in  these  vessels  and  extreme  sclerotic  changes. 
Others  (Steinbiss,  Miner  Hill)  failed  to  produce  any  changes  by  such 
means  and  Klotz  himself  did  not  always  succeed.  Harvey  reached 
similar  results  to  those  of  Klotz  by  compression  of  the  aoVta  in  a  rabbit. 

Apparently  the  element  of  hypertension  does  not  enter  into  the 
conception  of  arteriosclerosis  as  a  wear  and  tear  disease  of  the  vessels 
in  which  elastic  tissue  is  replaced  by  connective  tissue.  Most  of  the 
names  are  a.s.sociated  with  this  idea  from  Rokitansky  and  Traube  to 
AKchoff,  Jores,  Romberg  and  others.  No  one  could  deny  the  proba- 
bility that  such  a  replacement  may  occur,  but  the  typical  appearance 
of  arteriosclerosis  in  the  young  with  all  its  characteristic  features  makes 
it  seem  that  this  process  has  more  individuality  than  more  wear  and 
tear. 

The  same  criticism  may  l)e  oftcnMl  tor  the  ex])r(>ssi()ti,  "increased 
functional  demand"  which  is  used  by  several  to  nieun  that  under  the 
8trc««  of  unusual  activity  the  vessel  wall  sufT(Ms. 

Numerous  authors  (Fraenkel,  Huchard,  Hoinbcrg,  Weiss,  Stengel) 
spt'ak  of  m(?nlal  activity  or  overactivity,  mental  diseases  and  various 
nervous  <IiHturl)ariceH  as  possibly  productive  of  arteriosclerosis.  That 
they  may  have  an  indirect  bearing  througlj  disturliance  of  metabolism, 
or  that  they  may  Ix'  the  expression  of  some  intoxication  which  lies  at 
tho  root  of  the  arteriosclerosis,  seems  more  plausible. 
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The  association  of  certain  diseases  with  arteriosclerosis  is  discussed 
but  without  producing  very  convincing  evidence  in  its  favor.  Thus 
Huchard,  Lancereaux,  Fraenkel,  Schrotter  ascribe  to  gout  a  part  in 
its  production  and  others  think  that  the  same  may  be  said  of  dialjetes, 
chronic  nephritis,  obesity,  etc.,  but  in  each  case  there  are  quite  as  many 
to  deny  the  relation. 

There  remain  perhaps  the  most  important  etiological  factors — 
infections,  intoxications  and  unbalanced  diets. 

The  French  school,  including  especially  Huchard,  have  emphasized 
the  importance  of  infectious  processes  in  giving  rise  to  arteriosclerosis. 
Typhoid  fever,  rheumatism,  scarlet  fever,  diphtheria  and  influenza  are 
especially  frequently  mentioned  as  being  followed  by  the  appearance 
of  sclerotic  lesions  of  the  aorta.  Thayer  and  his  assistants.  Brush  and 
Fabyan,  studied  the  cases  of  typhoid  fever  recalled  for  examination 
months  or  years  after  convalescence  and  found  that  they  presented 
thickening  of  the  peripheral  arteries  in  a  much  higher  percentage  of 
cases  than  the  controls;  and  at  autopsy  he  found  in  deaths  from  ty- 
phoid fever  fresh  sclerotic  plaques  in  the  aorta  and  coronary  arteries. 
Earlier  workers,  such  as  H.  Martin,  Therese,  Simnitsky,  had  recorded 
observations  pointing  to  the  occurrence  of  lesions  in  the  arteries  after 
infections  which  might  possibly  lead  to  arteriosclerosis.  Wiesel  studied 
a  large  number  of  cases  in  young  persons  who  had  died  of  acute 
infections  and  found  minute  necroses  in  the  media  which  sometimes 
showed  as  sunken  spots  in  the  lining  of  the  vessel.  Frothingham  made 
similar  observations  in  diphtheria,  typhoid  fever,  glanders  and  other 
diseases.  These  papers  have  been  reviewed  by  Ophiils  in  an  excellent 
monograph  on  the  relation  of  arteriosclerosis  to  infectious  disease 
in  whicli  he  shows  bj-^  the  careful  study  of  five  hundred  cases  that  ar- 
teriosclerosis develops  in  connection  with  injury  to  the  arteries' result- 
ing from  various  infections  of  which  chronic  septic  infections  of  the 
rheumatic  type  play  the  most  important  role. 

Comparison  of  tables  made  up  of  cases  in  which  there  was  a  history 
of  one  or  more  infections,  with  those  made  up  from  persons  who  had 
suffered  little  or  no  infection,  shows  an  extraordinary  preponderance 
of  arteriosclerosis  in  the  former. 

Ophiils  feels  that  it  is  misleading  and  confusing  to  consider  the  renal 
lesions  so  frequently  associated  with  arteriosclerosis  as  a  result  of  changes 
in  the  arteries  or  vice  versa.  They  are  more  probably  produced  by 
the  same  causative  agent.  Nor  does  he  regard  hypertension  and 
arteriosclerosis,  which  sometimes  occur  together,  as  interdependent. 
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Xaturally  attempts  have  been  made  to  reproduce  the  arteriosclerotic 
lesions  supposed  to  follow  infections  by  experimental  inoculations, 
either  with  Hving  or  dead  bacteria  or  with  their  extracts  or  toxins,  and 
man}'  investigators  have  been  able  to  produce  lesions  of  the  arteries 
rather  closely  resembling  those  of  ai-teriosclerosis.  Gilbert  and  Lion 
did  this  with  typhoid  bacilli  and  with  an  organism  from  a  case  of  en- 
docarditis. Boinet  and  Romary,  Therese,  Crocq,  Manouehan  and 
Saltykow  continued  these  experiments.  Most  of  these  worked  with 
rabbits  and  so  did  Klotz  and  Bailey,  who  produced  distinct  arterial 
lesions  with  calcification  by  the  injection  of  diphtheria  toxin.  These 
animals  are  so  prone  to  spontaneous  arterial  lesions  that  it  seems  most 
unfortunate  that  they  should  always  be  chosen  by  experimenters  al- 
though it  may  be  supposed  that  in  any  considerable  series  of  positive 
results  criticism  of  this  sort  is  largely  disarmed.  But  for  this  reason 
the  injection  of  killed  staphylococci  or  filtrates  by  Manouelian  into 
monkeys  with  the  production  of  medial  lesions  seems  to  assume  a 
somewhat  greater  importance. 

Nevertheless,  in  spite  of  all  these  experiments  and  these  statistical 
studies  of  the  co-existence  or  later  occurrence  of  arteriosclerotic  lesions 
in  persons  affected  with  infectious  diseases,  there  is  brought  no  satis- 
factory proof  of  the  thesis  that  infection  is  the  direct  cause  of  ai'terio- 
sclerosis.  It  seems  the  most  plausible  idea  so  far  mentioned  but  it  will 
require  far  more  study  before  we  see  the  relation  clearly. 

With  regard  to  the  part  played  by  toxic  substances  of  various  sorts 
the  most  general  statements  are  made  by  Huchard,  Romberg,  Craig, 
Senator  and  others  who  variously  supposed  the  occurrence  of  poison- 
ous materials  capable  of  causing  a  vasomotor  spasm  with  high  blood 
pres.sure  and  ultimately  arteriosclerosis.  Craig's  idea  was  that  this 
was  a  form  of  auto-intoxication  from  the  intestine.  More  specific 
arguments  liave  been  put  forward  by  Billings,  Huchard  and  Lunz  con- 
cerning the  influence  of  lead  poi.soning  but  Jores  and  Kolisko  have  been 
unable  to  substantiate  its  importance  in  producing  arteriosclerosis. 
The  association  in  this  and  in  the  following  instances  is  so  vague  that 
it  seems  hardly  worth  while  to  analyze  tiie  statements  more  exactly. 
To  tobacco  has  been  ascribed  the  same  effect  by  a  number  of  well-known 
authors,  Schnitter,  Huchard,  Romberg,  Schott,  Ktilbs,  and  especially 
by  Adlcr  and  Hcnscl.  Doctor  Adler  was  abU^  to  produce  arterial 
IcsionH  in  dogs  by  the  injection  of  relatively  enormous  doses  of  nicotine 
but  this  can  scarcely  be  taken  as  a  proof  of  th(^  inimical  effect  of  smok- 
ing in  man.     Edgrcn  and  v.  Hasch  refuse  to  accept  the  supposed  etio- 
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logical  importance  of  tobacco  in  this  disease.  It  is  not  impossible  that 
nicotine  may  have  some  direct  or  favoring  influence  in  the  production 
of  arteriosclerosis  but  the  evidence  is  less  than  circumstantial.  The 
same  may  be  said  of  tea  and  coffee — there  are  voices  for  and  against 
assigning  them  any  importance.  Alcohol  has  always  been  prominently 
mentioned  as  a  causative  factor  usually  with  the  further  explanation 
that  it  acts  by  elevating  the  blood  pressure  or  by  causing  sudden  varia- 
tions in  the  pressure.  Edgren,  Hirsch,  Gerhardt,  Schrotter,  Chiari, 
Klemperer  believed  in  its  importance  but  Romberg,  and  especially 
Cabot,  have  been  unable  to  show  that  among  patients  with  arterio- 
sclerosis there  is  any  extraordinary  percentage  of  alcoholism  nor  vice 
versa. 

Since  the  idea  that  hypertension  could  bring  about  arteriosclerosis 
has  for  a  long  time  been  very  familiar,  it  was  natural  that  experimental 
attempts  to  test  this  with  adrenalin,  whose  power  of  producing  vaso- 
constriction and  high  blood  pressure  was  well  known,  should  have  been 
attempted.  Jores'  experiments  in  this  direction  failed  but  Josue  was 
able  to  cause  in  rabbits  the  formation  in  the  aorta  of  localized  areas 
of  medial  necrosis  with  dilatation  and  calcification.  Numerous  in- 
vestigators followed  with  the  same  results  (Erb,  Pearce  and  Stanton, 
Braun,  Klotz,  Loeb,  Githens  and  Fleisher,  and  many  others).  All 
found  that  areas  of  necrosis  appear  in  the  media  which  may  involve 
its  whole  thickness  or  only  a  part.  The  artery  may  be  dilated  at  this 
point— the  necrotic  tissue  becomes  calcified  and  surrounded  by  a  granu- 
lation tissue  often  with  giant  cells,  as  might  be  the  case  with  a  foreign 
body.  A  compensatory  new  formation  of  intimal  tissue  which  ulti- 
mately levels  the  intimal  surface  may  occur.  The  descriptions  are 
practically  always  the  same  and  while  this  condition  is  not  regarded  as 
identical  with  the  arteriosclerotic  lesions  of  the  human  aorta,  they  do 
resemble  closely  the  Monckeberg  type  of  medial  calcification  found 
in  the  peripheral  arteries  in  human  beings. 

Such  disease  of  the  aorta  occurs  so  often  spontaneously  in  the  rab- 
bit's aorta  that  Hill  thinks  it  necessary  to  have  a  very  large  series 
before  the  lesion  can  be  accepted  as  the  result  of  the  adrenalin  injec- 
tion. But  by  this  time  the  unanimous  reports  of  many  workers  con- 
stitute a  large  series  and  it  seems  that  it  may  be  accepted  that  this  is 
the  effect  of  the  injection.  Whether  it  is  the  effect  of  the  blood  pressure 
raising  influence  of  the  adrenalin  has  been  studied  in  various  ways, 
chiefly  by  adding  amyl  nitrite  or  other  substance  which  will  tend  to 
neutralize  this  violent  pressor  effect.     Even  then  the  same  arterial 
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lesions  ai*e  produced  (Klotz),  so  that  it  appears  that  some  toxic  action 
of  the  adrenahn  and  not  merely  a  mechanical  effect  of  hypertension  is 
at  work. 

A  minute  analysis  of  all  the  work  upon  this  subject  up  to  1908  has 
been  given  by  Saltykow  and  the  question  as  to  its  bearing  upon  human 
arteriosclerosis  seems  to  be  settled. 

Various  other  substances  have  been  injected  in  the  effort  to  produce 
experimentally  arteriosclerosis,  usually  with  the  result  that  changes 
of  some  sort  are  produced  but  never  resembling  very  closely  arterio- 
sclerosis. Such  substances  as  uric  acid,  sodium  urate,  barium,  ergotin, 
hydrastin,  mercury  and  extracts  of  decomposed  meat  have  given  no 
consistent  results. 

Far  more  interesting  are  the  experiments  begun  by  Ignatowski  and 
carried  out  in  detail  by  a  number  of  other  investigators,  Anitschkow 
and  Chalatow,  Starokadomsky  and  Ssobolew,  Stuckey,  Wacker  and 
Hueck,  but  especially  Anitschkoff,  upon  the  effect  of  modifications  of 
the  diet.  These  modifications  consist  chiefly  in  the  introduction  of 
animal  food  into  the  diet  of  the  vegetai-ian  rabbit  and  especially  in  the 
increase  in  the  proportion  of  lipoid  substances.  Most  of  these  authors 
have  ultimately  investigated  the  effect  of  the  feeding  of  cholesterin  and 
cholesterin  esters  although  a  few  have  been  interested  in  the  effects  of 
high  protein  diets.  Anitschkow  in  his  later  paper  begins  by  showing 
that  the  experiments  of  Saltykow  in  which  staphylococci  were  injected 
over  long  periods  were  complicated  by  milk  feeding  which  alone  will 
produce  the  changes  in  the  aorta  accompanied  by  deposits  of  fat,  while 
the  bacteria  alone  without  simultaneous  milk  feeding  will  not  do  so 
(Herxhcimer,  Reddingius  and  Starokadomsky). 

In  his  own  experiments  in  which  he  fed  ciiolesterin  dissolved  in  sun- 
flower seed  oil  ho  tliinks  he  has  prochiced  a  condition  which  in  respect 
to  the  deposition  of  fat  and  the  hyperplasia  of  the  intima  closely  re- 
sembles human  arteriosclerosis  in  sharp  contrast  with  the  changes  of 
the  mlrenalin  type  which  l)ear  no  close  resenii)lance  to  the  human  disease. 

In  thcw  experiments,  first  with  the  feeding  of  cholesterin  alone,  then 
the  same  ft^'ding  combined  with  mechanical  narrowing  of  the  aorta 
by  a  ligatur(>,  then  with  suspension  of  the  rabbits  in  inverted  ])()siti()n 
(Klotz)  with  and  without  cholesterin  feeding,  he  finds  as  the  clear-cut 
rcHult  that  the  mechanical  interference  which  would  lead  to  hcMghtened 
blood  proHHure  alon<>  fails  to  produce  the  characlcrislic  changes  in  tiie 
vcwcl  wall,  while  these  appear  when  cholesterin  feeding  is  combined 
with  thorn  and  indeed  after  the  feeding  of  sinnller  nmouiils  of  (holes- 
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terin  than  are  necessary  to  produce  atherosclerotic  changes  in  the  walls 
when  given  in  normal  resting  rabbits.  There  is  then  something  in  the 
heightening  of  the  blood  pressure  (after  all  no  great  increase  in  blood 
pressure  is  produced)  which  favors  the  deposition  of  the  lipoid  and  the 
development  of  the  hyperplastic  changes.  Similar  results  are  recorded 
for  a  combination  of  cholesterin  with  adrenalin  injections  but  this 
seems  a  confusing  experiment  because  different  end  results  are  combined. 
Anitschkow's  view  is,  therefore,  that  the  inception  of  arteriosclerosis 
is  probably  to  be  ascribed  to  the  storing  of  lipoid  substances  in  the 
intima  but  that  this  alone  will  not  occur  except  as  a  process  of  summa- 
tion with  various  other  predisposing  causes  of  which  he  has  tested  one 
or  two  examples.  He  expresses  then  a  combination  theory  of  the 
origin  of  arteriosclerosis  in  man. 

SUMMARY 

On  the  whole  the  anatomical  changes  in  arteriosclerosis  are  now 
becoming  fairly  clear  and  there  is  almost  complete  unanimity  of  opinion 
as  to  what  should  be  included  under  this  name  and  what  excluded. 
Syphilitic  and  other  infectious  forms  are  excluded,  obliterating  forms 
of  endarteritis  are  usually  easily  classed  apart  with  well  understood 
cause  and  quite  separate  anatomical  characters  and  there  remains 
only  the  "ordinary"  arteriosclerosis  with  the  somewhat  more  obscure 
division  formed  by  the  medial  necrosis  in  peripheral  vessels.  This 
form  of  Monckeberg  seems  very  distinct  from  the  other,  more  nearly 
related  to  the  forms  of  obliterating  endarteritis  and  often  combined 
with  it.     It  has,  therefore,  been  little  considered  here. 

In  the  true  arteriosclerosis  there  seems  to  emerge  from  the  long 
continued  discussion  the  general  conception  of  the  paramount  impor- 
tance of  the  intimal  changes  although  on  grounds  of  probability,  weak- 
ening of  the  media  has  always  been  sought.  The  presence  of  lipoid 
substances  in  the  intima  followed  by  a  great  hyperplasia  of  the  connec- 
tive tissue  and  to  a  less  extent  of  the  elastic  tissue  is  agreed  upon.  Every 
conceivable  explanation  has  been  offered,  based  usually  on  a  preformed 
idea  as  to  what  ought  to  occur.  Every  form  of  experiment  has  been 
performed  in  the  attempt  to  reproduce  the  disease.  These  resolve 
themselves  into  three  main  groups: 

1.  Efforts  toward  affecting  the  vessel  wall  by  mechanical  means 
through  elevation  of  the  blood  pressure  or  otherwise. 

2.  Efforts  toward  producing  lesions  in  the  vessel  wall  by  various 
poisons. 
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3.  Experiments  to  show  the  effects  of  perverted  or  one-sided  diets. 

Of  these  practically  all  that  fall  in  the  first  two  groups  have  failed 
to  produce  anything  like  human  arteriosclerosis,  while  those  of  the  third 
group  have  been  more  successful,  especially  when  combined  with  me- 
chanical disturbances.  Of  all  the  mechanical  influences  it  seems  that 
heightened  blood  pressure  is  the  only  one  of  any  importance  but  that 
acting  alone  it  produces  httle  or  no  change.  At  most  it  seems  to  pre- 
dispose to  the  imbibition  of  excessive  lipoids  in  the  intimal  layer; 
whether  these  hpoids  themselves  are  the  cause  of  the  tissue  hyperplasia 
remains  to  be  determined. 
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FAT  TRANSPORT  IN  THE  ANIMAL  BODY 

W.  R.  BLOOR 

From  the  Department  of  Biochemistry  and  Pharmacology,  University  of  California, 

Berkeley 

The  essential  constituents  of  the  proteins  and  carbohydrates — the 
amino  acids  and  the  monosaccharides — are  soluble  in  water,  while  those 
of  the  fats — the  higher  fatty  acids — are  not.  The  amino  acids  and 
monosaccharides  are,  according  to  our  most  recent  knowledge,  carried 
as  such  in  the  blood,  while  the  split  products  of  the  fats  are  built  up 
again  into  fat  for  transport.  The  hydrolysis  products  of  the  proteins 
and  carbohydrates  pass  directly  into  the  blood  stream,  while  it  has 
never  been  shown  that  any  of  the  fat  goes  that  way,  although  it  is 
probable  that  a  small  amount  does.  For  these  reasons  and  probably 
also  for  others  as  yet  not  understood,  arrangements  are  provided  in  the 
organism  for  transporting  the  fats  which  are  in  most  respects  quite 
different  from  those  provided  for  the  other  foodstuffs.  ,It  is  pro- 
posed in  the  present  discussion  to  review  the  available  information  on 
this  subject. 

Transport  across  thk  intestinal  wall.  In  common  with  all  the 
other  food  substances  the  fats  are  hydrolyzcd  in  the  gastro-intcstinal 
canal,  the  products  of  the  hydrolysis  being  fatty  acids  and  glycerol. 
The  extent  of  hydrolysis  has  been  a  matter  of  dispute  but  ordinarily 
conditions  are  such  that  it  is  probably  nearly,  if  not  quite  complete. 
There  is  abundance  of  lipase,  mainly  from  the  pancreas  but  also  from  the 
intestinal  glands,  to  hydrolyze  many  times  the  amount  of  fat  ordinarily 
found  in  the  diet.  Due  to  the  mccimuism  for  emptying  the  stomach, 
the  fat  is  supplied  to  the  intestine  in  small  amounts.  There  is  always 
some  free  fatty  acid  in  it  when  it  reaches  tlie  intestine  since  all  natural 
fat  contains  fatty  acid,  and  tiie  amount  is  increased  by  cooking  and 
probably  also  by  the  gastric  lipase.  An  abundant  supply  of  alkali  is 
furniHhed  by  the  various  secretions  which  empty  into  the  inlesfine  bile, 
pancreatic  and  intestinal  secretions-  and  the  alkali  uniting  with  the 
fatty  acids  forms  soaps,  by  the  aid  of  which  the  unsaponified  fat  is 
emulsified  so  as  to  be  the  more  readily  hydrolyzable.  Added  to  these 
factors  i.s  (hj-  renu)val  of  the  products  of  hydiolvNis  by  absorption, 
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which,  since  hydrolysis  is  a  reversible  reaction,  promotes  its  complete- 
ness. In  the  face  of  so  complete  a  mechanism  for  hydrolysis  the  con- 
clusion is  almost  inevitable  that,  whatever  be  their  later  fate,  the 
fats  are  ordinarily  completely  saponified  in  the  intestine.  On  the  other 
hand  the  structure  of  the  absorbing  surface  of  the  intestine,  the  presence 
there  in  enormous  number  of  leucocytes  which  are  generally  loaded 
with  fat  and  which  are  known  to  pass  through  the  intestinal  epithelium, 
the  fact  that  non-motile  bacteria  pass  across  the  intestine  when  fed 
along  with  fat,  the  histological  picture  of  the  epithelial  cells  during  fat 
absorption,  which  although  perhaps  better  explained  by  the  absorp- 
tion of  fat  as  split  products,  does  not  preclude  the  absorption  of  un- 
split  fat  in  an  ultramicroscopic  state  of  division,  together  with  the  fact 
that  only  fat  is  found  in  the  lacteals  and'  thoracic  duct,  make  it  unsafe 
to  assume  that  fat  is  absorbed  wholly  in  the  hydrolyzed  form  and  ren- 
ders desirable  also  the  careful  consideration  of  the  possibility  of  the 
passage  of  unaltered  fat  across  the  intestinal  wall. 

The  histological  study  of  fat  absorption.  The  most  important  investi- 
gations on  this  subject  are  those  of  Schaefer  and  Heidenhain  who, 
however,  arrive  at  opposite  conclusions  as  to  the  way  in  which  the  fat 
passes  across  the  intestinal  walls.  Recent  work  by  Clark  and  Clark 
and  by  Evans,  while  not  directly  concerned  with  fat  absorption  from 
the  intestine,  is  still  of  great  importance  in  its  consideration. 

Schaefer  (1),  in  discussing  the  phenomena  occurring  in  the  intestinal 
epithelium  during  fat  absorption,  first  noted  that  there  is  no  definite  or 
at  least  no  rigid  cell  membrane  surrounding  the  columnar  epithelial 
cells  of  the  villi;  that  soft  bodied  cells  such  as  leucocytes  occurring 
between  them  are  able  to  indent  and  to  work  their  way  through  between 
them.  During  fat  absorption  the  epithelial  cells  become  filled  with 
fat  globules  of  various  sizes,  generally  largest  in  the  part  between  the 
nucleus  and  the  thickened  border,  and  often  quite  small  near  the 
attached  end  of  the  cell.  Sometimes  the  greater  part  of  the  fat  is 
accumulated  in  the  inner,  sometimes  in  the  outer  part  of  the  cell, 
these  conditions  probably  representing  the  different  stages  in  its  ab- 
sorption. The  appearance  shown  in  different  preparations  is  such  as  to 
indicate  a  primary  accumulation  of  fat  in  the  outer  or  free  half  of 
the  cell,  and  its  gradual  passage  down  into  the  inner  or  attached  half, 
accompanied  by  the  breaking  down  of  the  larger  particles  into  smaller 
ones  preliminary  to  passage  out  of  the  cell.  The  striated  outer  border 
(near  the  lumen)  has  been  the  object  of  a  good  deal  of  interest  in  connec- 
tion with  the  passage  of  fat  into  the  epithelial  cells.     A  few  investigators 


94  "W.   R.   BLOOR 

from  Wiedersheim  (2)  onward  claim  to  have  observed  what  appear  to 
be  amoeboid  protrusions  from  the  cell  border  into  the  intestine  and  have 
ascribed  to  these  processes  the  function  of  engulfing  fat  particles  from 
the  intestine  and  transferring  them  to  the  interior  of  the  cell.  This 
idea  of  the  method  of  entry  of  fat  particles  into  the  cells  is  given  suffi- 
cient credit  by  histologists  to  be  included  in  at  least  one  modern  text 
book  (3).  However,  most  investigators  have  been  unable  to  find  even  a 
trace  of  such  outgrowths  and  the  possibility,  if  present,  of  their  having 
any  function  in  fat  absorption  is  remote,  for  the  reasons  that  if  they 
could  engulf  fat  particles  they  could  also  take  in  molecules  of  starch  or 
protein,  which  are  much  smaller,  but  which  are  known  not  to  pass  the 
normal  intestine;  also  that  the  appearance  of  the  fat  particles  in  the 
cells  represents  a  gradual  growth  rather  than  a  sudden  transference, 
and  that  fat  globules  have  never  been  observed  in  the  substance  of  the 
striated  border,  although  such  an  appearance  would  be  frequent  if  the 
globules  did  pass  through  this  border.  Schaefer  has  found  that  leuco- 
cytes accumulate  in  the  mucous  membrane  in  great  numbers  during 
fat  absorption  and  he  believes  them  to  be  of  great  importance,  if  not  the 
main  factor  in  the  transference  of  fat  from  the  epithelial  cells  to  the 
l>Tnph  system.  His  claim  assumes  the  greater  weight  in  the  light  of 
recent  work  by  Clark  and  Clark  (see  below).  The  leucocytes  are 
generally  very  abundant  at  the  base  of  the  epithelial  cells,  between 
them  and  the  basement  membrane,  but  are  less  abundant  between  the 
cells,  and  occur  only  occasionally  in  the  intestinal  lumen.  They  are 
present  in  large  numbers  in  the  interior  of  the  villi  and  occasionally  in 
the  lacteals,  especially  near  the  end.  That  they  pass  from  the  villi  into 
the  lacteals  is  shown  by  the  fact  that  they  may  be  seen  partially  in- 
and  partially  outside  the  lacteal.  During  fat  absorption  they  are  always 
filled  with  fat  globules,  even  though  the  epithelial  cells  may  not  be. 
Schaefer  ascribes  the  main  transport  of  fat  from  the  epithelium  to  the 
lymphatics  to  these  cells,  and  believes  that  the  epithelial  cells  becoming 
visibly  filled  with  fat  only  when  the  leucocytes  fall  behind  with  their 
work  of  transport,  acting  thus  as  workshops  in  which  the  absorbed 
fat  constituents — glycerol  and  fatty  acid  or  soap — are  recombincd  as 
fat  and  stored  against  the  time  of  renioval  by  the  leucocytes.  In 
Schaefer's  opinion  the  leucocytes,  aft(T  carrying  tlieir  load  of  fat  into 
the  lactcalB,  bnuik  down,  since  although  Ihoy  arc  found  in  considonible 
numbers  in  the  lactculH  near  their  beginning,  they  cannot  be  found  in 
the  thoracic  duct.  Scjuicfcr's  findings  and  deductions  thus  provide  a 
coinplet<!  hy|M)tlieHis  uh  lo  the  piuMsage  of  fat  from  (he  intestine  into 
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the  circulation.  Its  acceptance  is  based  on  the  abihty  of  the  leucocytes 
to  do  the  work,  which  may  be  questioned,  although  they  undoubtedly 
are  an  important  factor.  From  his  hypothesis  the  inference  follows 
that  the  manner  of  passage  of  fat  through  the  two  surfaces  of  the 
epithelial  cell  is  different — absorption  into  the  cell  taking  place  as  fatty 
acid  and  glycerol,  while  passage  out  into  the  leucocytes  is  as  finely 
particulate  fat.^  The  transference  of  fat  in  a  very  fine  state  of  divi- 
sion— as  an  invisible  colloidal  suspension — has  never  been  considered 
and  is  a  fruitful  possibility,  since  living  cells  appear  to  have  the  ability 
not  only  of  building  up  large  globules  of  fat  but  also  of  reducing  these 
again  to  invisibility. 

Heidenhain  (5)  differs  from  Schaefer  in  some  important  particulars  as 
to  his  explanation  of  fat  absorption.  Commenting  on  the  claims  of 
Zawarykin  (6)  who  believed  that  the  leucocytes  alone  were  concerned 
with  the  transfer  of  fat  from  the  intestine  to  the  lacteals  and  that  the 
epithelial  cells  took  no  part,  he  admits  that  the  leucocytes  undoubtedly 
can  take  up  fat  from  the  intestine,  but  believes  their  part  to  be  secondary 
for  the  following  reasons:  a,  In  newborn  puppies  when  fat  absorption 
is  in  full  progress  leucocytes  are  seldom  found  in  the  epithelium,  while 
in  fasting  they  are  often  present  in  large  numbers,  h,  Leucocytes  con- 
taining gi'anules  stained  black  with  osmic  acid  are  often  found  in  the 
Lieberkuhn's  glands  and  their  presence  is  difficult  to  explain  since  there 
is  no  apparent  reason  why  they  should  transport  fat  there  and  the 
glands  themselves  do  not  absorb  fat.  c.  Granules  staining  black  with 
osmic  acid  may  be  found  in  fasting  animals  near  Lieberkuhn's  glands 
and  less  numerously  in  the  gland  itself,  and  evidence  is  brought  to  show 
that  probably  some  substance  other  than  fat  is  responsible  for  the  color 
with  osmic  acid. 

The  presence  of  fat  between  the  epithelial  cells  observed  by  some 
workers  (7)  Heidenhain  is  inclined  to  regard  as  due  to  muscular  con- 
tractions of  the  villi  during  fixing,  since  it  cannot  be  observed  in  the 
epithelial  cells  of  animals  whose  villi  have  no  muscles  (frog) . 

The  absorption  of  unchanged  fat  through  the  agency  of  outgrowths 
of  the  epithelial  cells  of  the  nature  of  cilia  as  claimed  by  Thanhofer  (8) 
he  believes  to  be  very  doubtful  because  of  the  inability  of  many  histolo- 

1  Regarding  the  necessity  for  hydrolysis  of  the  fat  before  absorption,  one 
reason  is  probably  that  of  protecting  the  organism  from  unsaponifiable  fatty 
materials  (4)  but  once  having  passed  the  test  of  saponification  it  is  very  possible 
that  fat  may  then  not  have  to  submit  to  hydrolysis  again  but  may  be  passed  along 
in  particulate  form. 
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gists  (himself  included)  to  demonstrate  the  presence  of  anything  of  the 
nature  of  cilia. 

For  the  transfer  of  fat  from  the  epithelial  cells  it  is  his  belief  that 
contraction  of  the  protoplasm  is  responsible  as  is  the  case  for  the  trans- 
fer of  water. 

Inside  the  villi  the  fat,  as  relatively  coarse  globules,  moves  in  the 
pericellular  fluid  contents  (with  the  exception  of  the  small  amount 
taken  up  by  the  leucocytes)  and  does  not  assume  the  dustlike  fineness  of 
its  final' form  until  it  reaches  the  chyle  vessels. 

Clark  and  Clark  (9)  have  recently  presented  some  experiments  which 
are  of  great  interest  in  connection  with  the  role  of  the  leucocytes  in  fat 
transport  in  the  intestine  and  elsewhere,  and  are  in  striking  support  of 
the  claims  of  Schaefer  as  regards  this  function.  Drops  of  fat  or  fatty 
acid  30  to  70/i  in  diameter  (olive  oil,  cream,  yolk  of  egg,  oleic  acid)  were 
injected  into  the  tissue  of  the  tails  of  tadpoles  and  the  resulting  reactions 
noted.  In  the  case  of  olive  oil,  soon  after  the  injection,  leucocytes  were 
observed  to  pass  through  the  walls  of  the  nearby  blood  vessels  and  to 
wander  toward  the  oil  droplet.  On  reaching  it  they  flattened  out, 
formed  a  ring  about  it  and  in  a  few  minutes  became  pigmented,  the 
pigment  being  apparently  minute  particles  of  oil.  Lymph  vessels  grew 
out  to  the  oil  in  from  a  few  hours  to  two  or  three  days,  depending  on  the 
distance,  and  remained  in  contact  with  the  oil  and  the  leucocytes  for 
several  days.  No  pigmented  leucocytes  were  seen  to  enter  the  lym- 
phatic, but  the  oil  droplets  in  the  leucocyte  in  contact  with  the  lymph 
vessel  became  gradually  smaller  until  the  cell  became  clear.  Fine, 
free  fat  droplets  were  engulfed  by  leucocytes,  were  then  reduced  in 
size  and  replaced  by  minute  pigmented  droplets. 

In  the  case  of  oleic  acid,  within  a  minute  or  two  after  injection,  the 
clear  globule  became  opaque  and  granular — brown  by  transmitted 
light  The  leucocytes  responded  more  quickly  and  in  larger  numbers 
than  with  olive  oil  (irritation  by  the  fatty  acids?)  forming  a  ring  several 
layers  deep  and  soon  becoming  deeply  pigmented.  The  lymph  vessels 
responded  as  with  the  olive  oil  and  a  study  of  the  leucocytes  showed 
that  they  woro  continually  moving  away  from  the  fatty  acid,  waiuhM-ing 
up  to  a  nearby  lymphatic  and  in  fifteen  minutes  to  one  half-hour 
moving  away,  having  lost  tlieir  brown  pigment.  None  were  observed 
to  »'nter  the  lymph  vessel  AbH()ri)ti()n  of  oleic  :ici(l  or  sodium  oleate 
wait  more  rapid  than  olive  oil. 

When  cream  or  yolk  of  egg  (finely  divided,  emulsified  fat)  was  in- 
jected, the  same  reactions  were  observcnl — tlu^  hMicocytcs  acting  as 
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carriers  but  working  in  this  case  more  rapidly.  When  injection  was 
near  a  lymph  capillary,  loaded  leucocytes  came  into  contact  with  the 
lymphatic  within  three  hours  after  the  injection.  If,  however,  the 
leucocytes  had  far  to  go  they  lost  their  pigment  (and  therefore  their 
load  of  fat?)  before  reaching  the  lymph  vessel,  which  however  con- 
tinued to  grow  in  their  direction  and  that  of  the  fat  mass,  indicating 
perhaps  a  diffusion  of  soluble  and  therefore  invisible  products  (hydroly- 
sis products?)  from  the  leucocyte.  The  absorption  of  cream  or  yolk 
of  egg  was  so  rapid  that  there  was  often  no  time  for  the  lymphatic  to 
grow  out  to  the  injected  material.  Leucocytes  and  lymphatics  were 
the  only  structures  reacting  to  the  injected  fat,  the  blood  capillaries, 
if  anything,  growing  away  from  it.  These  reactions  were  limited  to 
fat  and  fatty  acid.  No  reaction  could  be  obtained  with  fat-like  sub- 
stances such  as  mineral  oil. 

The  work  of  Clark  and  Clark  indicates  that  the  leucocytes  can  take 
up  unsplit  fat  and  transport  it  fairly  rapidly,  and  their  presence  in 
the  intestine  in  such  large  numbers  during  fat  absorption  and  the  fact 
that  they  are  always  loaded  with  fat  even  when  the  epithelial  cells  con- 
tain very  little,  indicates  that  they  may  have  a  very  considerable  part 
in  certain  stages  of  the  absorption,  i.e.,  transport  to  the  lacteals.  But 
numerous  as  they  are  in  the  lacteals  and  around  the  epithelial  cells 
they  rarely  get  out  into  the  lumen  of  the  intestine,  so  that  the  first 
stages  at  least  of  the  absorption  of  fat  must  be  referred  to  the  epi- 
thelial cells  themselves.  The  possibility  that  the  epithelial  cells  act 
phagocytically,  engulfing  the  unchanged  fat  particles,  seems  doubtful 
from  the  fact  that  fat  particles  have  never  been  observed  in  the  cuticular 
membrane,  and  that  most  of  the  considerable  mass  of  evidence  available 
points  to  the  absorption  of  fat  in  the  form  of  its  hydrolytic  products — 
glycerol  and  fatty  acids  (or  soaps) . 

Form  in  which  fat  leaves  the  intestine.  The  experimental  data  regard- 
ing the  form  in  which  fat  passes  out  of  the  intestine  may  be  considered 
under  four  headings;  first,  that  bearing  on  the  degree  of  hydrolysis  of 
fat  in  the  intestine;  second,  that  regarding  the  absorbability  of  the 
split  products;  third,  the  behavior  of  the  intestine  toward  substances 
of  a  fatty  nature  which  are  not  fat;  and  fourth,  the  evidence  regarding 
the  absorption  of  unchanged  fat. 

/.  The  extent  of  fat  hydrolysis  in  the  intestine.  No  matter  how  nmch 
fat  is  passing  along  the  intestine  or  how  little  is  being  absorbed,  the 
fatty  material  found  in  the  lower  intestine  and  the  feces  consists  almost 
entirely  of  fatty  acids  (or  soaps)  (10),  which  indicates  clearly  that  ample 
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facilities  are  provided  for  hydrolysis.  When  absorption  is  taking  place 
with  consequent  removal  of  the  products,  hydrolysis  must  be  even 
more  complete,  since  it  is  a  reversible  process  and  follows  the  law  of 
mass  action.  In  healthy  animals  enough  pancreatic  lipase  is  provided 
to  split  many  times  the  amount  of  fat  ordinarily  present  in  the  food. 
Added  to  this  main  source  of  lipase  is  that  present  in  the  gastric  secre- 
tion (11)  which,  although  not  ordinaril}-^  important  because  of  its 
sensitiveness  to  acid,  may  bring  about  considerable  hydrolysis  when 
the  gastric  acidity  is  low  and  especially  when  fat  is  present  in  an  emul- 
sified form  (milk,  yolk  of  egg,  etc.).  In  addition  to  the  gastric  lipase 
some  is  supplied  in  the  intestinal  secretions  (12),  which  is  probably 
responsible  for  the  splitting  of  fat  which  is  found  to  take  place  in  the 
absence  of  the  pancreatic  secretion. 

Owing  to  the  fact  that  the  Upases  are  soluble  in  watery  mixtures  but 
not  in  fat,  their  hydrolytic  action  can  be  exerted  only  at  the  fat-water 
interfaces,  and  unless  the  fat  surface  thus  exposed  is  great,  splitting 
will  be  slow.  Hence  the  importance  of  emulsification,  which  by  re- 
ducing the  size  of  the  fat  globules  increases  their  surface.  Abundant 
provision  is  made  for  emulsification  in  the  intestine.  The  most  im- 
portant emulsifying  agent  is  undoubtedly  soap,  the  fatty  acid  for  the 
formation  of  which  is  present  to  a  small  extent  in  all  natural  fats  and 
the  amount  is  increased  by  cooking  and  by  the  gastric  lipase.  Alkali 
is  supplied  by  the  secretions  entering  the  intestine — pancreatic  juice, 
bile  and  the  various  intestinal  juices  which  are  all  more  or  less  alkaline. 
The  fat  containing  fatty  acid  ordinaiily  enters  the  intestine  in  small 
portions,  is  met  by  the  alkaline  secretions  which  unite  with  the  fatty 
acid  to  form  soap  and  by  the  motion  of  the  intestine  the  unsplit  fat  is 
well  emulsified.  Additional  emulsifying  agents  or  stabilizers — pro- 
teins, lecithin,  etc.,  are  furnished  by  the  secretions,  and  even  though,  as 
has  been  noted  seyeral  times,  the  reaction  of  the  intestine  is  slightly 
acid  throughout  its  length  (13),  the  acidity  is  due  mainly  to  carbonic 
acid,  which  has  little  effect  on  a  soap  emulsion  in  the  presence  of  bile 
and  pancreatic  secretion  (14).  The  fact  that  it  is  not  always  possible 
to  find  an  emulsion  in  the  intestine  during  fat  absorption  (15)  is  not  a 
serious  objection  since  such  a  finding  would  be  made  if  hydrolysis  were 
rni)ifl  in  relation  to  the  amount  of  fat  present — all  the  fat  present  being 
in  ttic  form  of  soap. 

8.  The  abaorbabjlity  of  the  split  products  of  fat— fatly  acids  or  soaps 
and  glycerol.  That  the  split  products  of  fat  were  absorbable  was  donion- 
atrated  very  early  in  the  study  of  the  behavior  of  fat  in  fho  inlisline. 
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Radziejewski  (16)  showed  that  alkali  soaps  were  absorbed;  Perewozni- 
koff  (17)  showed  that  a  mixture  of  alkali  soap  and  glycerol  was  absorbed 
and  synthesized  into  fat,  the  lacteals  having  the  usual  appearance  after 
a  fat  meal  and  the  epithelial  cells  containing  fat  globules.  All  the  more 
recent  evidence  confirms  the  earlier  findings  (18)  and  the  fact  seems 
proven  that  the  intestine  can  absorb  fatty  acids  or  soaps  and  glycerol 
and  synthesize  fat  from  them. 

3.  The  behavior  of  the  intestine  toward  substances  of  a  fatty  nature  other 
than  ordinary  fat.  A  number  of  workers  have  experimented  with  sub- 
stances of  this  type  in  the  hope  that  thereby  information  regarding  the 
manner  of  absorption  of  fat  might  be  obtained,  and  the  results  have 
been  quite  illuminating,  a.  Substances  which  are  hydrolyzable  in  the 
intestine — ethyl  esters  of  the  fatty  acids  (19),  amyl  esters  of  the  fatty 
acids  (18),  optically  active  mannite  esters  of  the  fatty  acids  (20). 
These  are  all  completely  hydrolyzed  in  the  intestine  and  the  fatty  acid 
component  appears  in  the  chyle  as  the  triglyceride  showing  that  a 
synthesis  with  glycerol  has  taken  place.  6.  Non-hydrolyzable  sub- 
stances which  by  one  means  or  another  can  be  emulsified.  Two  sub- 
stances have  been  used  for  this  purpose — esters  of  the  fatty  acids  with 
cholesterol  or  related  substances  which  readily  yield  a  fine  emulsion  with 
water,  and  the  paraffin  hydrocarbons  which  are  soluble  in  fat  and 
which  can  be  emulsified  with  it.  Absorption  of  these  substances  has 
been  tested  in  two  ways — by  determinations  of  unabsorbed  residue  in 
the  feces  (21)  and  by  determining  the  absorbed  substance  in  the  chyle 
(22).  In  neither  case  was  there  any  evidence  of  absorption.  A  similar 
rejection  of  paraffin  hydrocarbons  was  observed  by  Clark  and  Clark  in 
their  study  of  the  absorption  of  fat  and  fat-like  substances  injected  into 
the  tails  of  tadpoles. 

4.  Absorption  of  unhydrolyzed  fat.  There  is  no  good  evidence  that 
fats  can  be  absorbed  unchanged  in  any  considerable  amount.  The 
belief  that  such  was  the  case  was  based  largely  on  the  observation  that 
the  appearance  of  the  fat  in  the  intestine  and  the  lacteals  was  the 
same — a  milky  emulsion.  The  objection,  that  the  particles  of  sus- 
pended fat  in  the  lacteals  were  much  smaller  than  those  in  the  intestine 
has  never  been  explained  away  but  a  reasonable  answer  would  be  that 
only  the  finer  particles  of  the  fat  of  the  intestine  were  absorbed,  and 
that  one  of  the  purposes  of  intestinal  action  was  to  reduce  the  fat 
particles  to  absorbable  size,  the  processes  of  hydrolysis  and  emulsifica- 
tion  being  directed  to  that  end.  Hydrolysis  of  fat  bj^  the  lipases  in  the 
intestine  was  never  denied  by  the  supporters  of  the  theory  that  fat  was 
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absorbed  as  such  in  finely  divided  form  but  their  claim  was  that  only 
enough  hydrolysis  took  place  to  produce  soap  for  emulsification.  The 
repeated  statements  of  the  histologist  that  no  fat  particles  can  be 
observed  in  the  cuticular  membrane  which  is  the  first  line  of  action  of  the 
epithelial  cells  have  never  been  answered  ajid  could  be  explained  only 
by  the  assumption  that  the  fat  particles  were  so  fine  as  to  be  ultra- 
microscopic  which,  so  far  as  is  known,  has  never  been  made.  There 
appears  to  be  nothing  inherently  impossible  in  the  reduction  of  fat 
particles  to  ultramicroscopic  size  since  fat  is  known  to  occur  in  such  a 
(colloidal)  condition  in  nature  as  stored  material  in  egg  yolk  and  in 
many  cells,  both  plant  and  animal,  and  as  noted  above,  the  reduction 
in  size  of  fat  particles  to  invisibility  has  been  observed  in  leucocytes  and 
in  intestinal  epithelial  cells.  But  the  ability  to  reduce  fat  to  particles 
of  ultramicroscopic  size  appears  to  be  confined  to  the  living  interior  of 
cells  and  could  probably  not  take  place  in  the  intestine.  Even  if  it  were 
possible  to  reduce  fat  to  the  colloidal  condition  in  the  intestine  a  special 
mechanism  must  still  be  assumed  for  its  absorption  since  other  sub- 
stances in  colloidal  suspension  such  as  proteins  and  starches  and  even 
relativelj'  simple  substances  in  true  solution  such  as  the  various  disac- 
charides  are  not  allowed  to  pass  into  the  blood  unchanged.  Other 
evidence  of  absorption  of  unchanged  fat  such  as  the  absorption  of 
colors  which  are  soluble  in  fat  but  not  in  water,  and  the  deposition  in 
the  fat  stores  under  certain  conditions  of  large  amounts  of  fat  which  is 
chemically  the  same  as  the  fat  of  the  food  can  be  equally  well  explained 
by  the  hydrolysis-synthesis  theory,  since  the  fat  dyes  used  were  shown 
to  be  soluble  in  fatty  acids  (23),  and  since  the  fat  found  in  the  lacteals 
and  hence  in  the  blood  and  fat  stores  must  be  built  up  largely  from  the 
available  hydrolysis  products  of  the  fat  in  the  intestine. 

To  sum  up:  Abundant  facilities  are  provided  for  the  hydrolysis  of 
those  esters  of  the  fatty  acids  which  hydrolyze  with  the  same  or  greater 
eaae  than  the  fats.  The  split  products  are  readily  absorbed  and  con- 
verted into  fat  in  the  passage  through  the  intestinal  wall.  Substances 
which  cannot  be  hydrolyzed  and  so  rendered  water-soluble  are  not 
absorbed  no  matter  in  what  form  they  may  be  pres(;nted.  The  pre- 
vailing hcVw.f  that  fats  are  completely  iiydrolyzed  in  the  intestine  and 
abMjrl)cd  tw  tlu?  hydrolysis  products  thus  has  most  of  the  evidence  in  its 
favor,  although  the  poHsibility  of  tlu'  "I'^'-ndion  of  some  unchanged  fat 
cannot  be  absolutely  excluded.    Tli  >  for  the  hydrolysis,  which 

appearM  to  Ix'  universal  for  all  food  subsluuces,  is  not  far  to  seek.  On 
the  on''  h^""l  <Imi<-  i^^  iIw  f!<'c«"<Mii  v  for  the  cxchiHion  of  substances  which 
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as  presented  would  be  useless  and  harmful  to  the  organism,  such  as 
unchanged  proteins,  complex  carbohydrates  or  fat-like  substances 
other  than  fat;  and  on  the  other,  since  no  food  substance  is  presented  in 
immediately  usable  form,  more  or  less  complete  hydrolysis  must  take 
place  in  any  case,  if  not  in  the  intestine  then  in  the  tissues.  The  two 
purposes  are  combined  in  the  intestine,  which  by  means  of  the  same 
process  rejects  harmful  or  useless  substances  and  reduces  the  useful 
material  to  fragments  which  can  be  used  at  once  by  the  tissue  cells 
which  require  them.  There  is  therefore  no  need  to  assume  a  special 
mechanism  for  the  transfer  of  fat  from  the  intestinal  lumen  into  the 
epithelial  cells — this  takes  place  according  to  the  usual  rule  by  hydroly- 
sis, which  is  as  usual  complete  to  the  limits  of  hydrolysis  for  the  indi- 
vidual substance,  followed  by  absorption  of  the  split  products  in  water 
solution.  (Attention  should  be  called  to  the  fact,  which  is  perhaps  not 
ordinarily  sufficiently  appreciated,  that  hydrolysis  in  the  intestine  is 
carried  to  the  utmost  limit;  any  further  change  such  as  division  of  the 
dextrose  molecule,  deamination  of  the  amino  acids  or  breaking  of  the 
fatty  acid  chain  would  involve  other  changes  than  simple  hydrolysis.) 

Passage  of  fat  out  of  the  epithelial  cells.  The  fat  fragments  after 
reaching  the  interior  of  the  epithelial  cell  appear  to  be  built  up  into  fat 
again  and  retained  in  the  cells  for  some  time — at  least  this  is  the  picture 
when  much  fat  is  being  absorbed.  When  little  absorption  is  taking 
place  no  such  accumulation  can  be  observed,  but  the  leucocyteS;  accord- 
ing to  Schaefer's  observations,  are  always  full  of  fat  whether  much  or 
little  is  being  absorbed,  and  his  b?lief  is  that  the  function  of  the  epi- 
thelial cells  is  to  receive  the  hydrolysis  products,  synthesize  them  and 
store  the  fat  until  the  leucocytes  can  transport  it  to  the  lacteals.  Both 
Schaefer  and  Heidenhain  agree  that  the  fat  from  the  epithelial  cells  is 
transferred  to  the  lacteals  without  alteration  other  than  changes  in 
size  of  particles,  Heidenhain  believing  that  the  particles  are  expelled  into 
the  body  of  the  villus  by  contractions  of  the  epithelial  cell  protoplasm, 
while  Schaefer  thinks  that  they  are  transferred  to  the .  leucocytes  by 
contact  and  by  them  to  the  lacteals. 

In  contrast  to  these  opinions  based  on  histological  observations, 
Loevenhart  (24),  on  the  basis  of  chemical  evidence,  believes  that  the 
passage  out  of  the  cell,  like  the  passage  into  it,  is  accompHshed  by  a 
hydrolysis  and  synthesis,  and  also  that  wherever  in  its  subsequent  his- 
tory the  fat  has  to  pass  a  cell  wall  the  same  hydrolysis  and  synthesis 
take  place.  His  assumption  requires  the  presence  at  all  these  points 
of  a  sufficient  supply'  of  lipase  to  bring  about  these  changes  in  the  time 
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ordinarily  consumed  in  transferring  the  fat  from  the  intestine  to  the 
tissues  and  he  brings  evidence  to  show  that  hpase  is  present  in  all 
tissues,  and  especially  in  those  which  are  ordinarily  most  concerned  in 
fat  metabolism — the  liver,  active  mammarj^  gland,  blood,  lymph  and 
intestinal  mucosa.  He  notes  particularly  its  presence  in  those  places 
where  fat  synthesis  is  known  to  take  place — the  active  mammary  gland 
and  the  subcutaneous  fatty  tissue.  The  test  employed  by  him  to  show 
the  presence  of  lipase  is  the  ability  of  a  water  extract  of  the  tissue  to 
hydrolyze  ethyl  butyrate.  Aside  from  the  fact  that  the  splitting  ob- 
tained by  him  is  rarely  very  extensive,  being  ordinarily  less  than  5  per 
cent  in  forty  hours  and  therefore  possibly  unimportant  as  a  factor  in 
fat  metabolism,  his  experiments  have  aroused  critical  comment  in 
several  quarters.  Regarding  the  use  of  ethyl  butyrate  as  a  test  of  the 
presence  of  lipase,  it  was  pointed  out  by  Arthus  (25)  and  later  by 
Jansen  (26)  that  a  test  carried  out  on  the  esters  of  the  lower  fatty  acids 
such  as  monobutyrin  (and  therefore  also  ethyl  butyrate)  cannot  give  a 
true  measure  of  lipase  action  since  these  esters  are  much  more  readily 
hydrolyzcd  than  the  triglycerides  of  the  higher  fatty  acids  and  regard- 
ing which  Loevenhart  himself  gives  a  reference  to  Euler  (27)  to  the 
effect  that  the  hydrolysis  of  an  ester  is  greater  the  stronger  the  con- 
stituent acid;  therefore  the  higher  fatty  acids  being  relatively  much 
weaker  than  butyric  acid  their  esters  would  be  much  more  slowly 
hydrolyzed  than  those  of  butyric  acid. 

Bradley  (28),  using  the  same  technique  as  Loevenhart,  was  unable  to 
corroborate  his  findings  in  some  important  particulars.  He  found  no 
broad  correlation  between  fat  and  lipase  content  of  tissues.  Some  of  the 
most  active  fat-producing  tissues  (mammary  gland)  are  relatively 
poorer  in  lipase  than  others  which  never  normally  contain  or  produce 
more  than  a  small  percentage  of  fat  (lung,  kidney,  muscle).  He  con- 
cludes that  quantitative  comparison  of  fat  nnd  lipase  in  animal  tissue 
giyes  no  positive  evidence  in  support  of  the  theory  of  enzyme  synthesis. 

Tfiiele  (29)  foUnd  that  blood  and  chyle  contain  a  ferment  which  can 
hydrolyze  phosphatides  but  not  fat,  and  also  (.30)  that  tissue  extracts 
(excluding  pancreatic  (extract)  siinil.irly  c.'uinot  hydrolyze  fat  but  can 
hydrolyze  the  phosphatides. 

Porter  (31)  found  ferments  capable  of  spUtling  ordinary  fal  (oloin, 
stearin)  present  in  most  tissues  but  generally  in  the  merest  traces, 
except  in  the  case  of  the  pancreas,  the  amount  of  splitting  taking  place 
being  BO  small  um  to  be  of  no  practical  significance  in  a  con.sidcration  of 
fat  metaboliHui.  Iw-rtrM-iits  capable  of  splitting  lecithin  were  present  in 
larger  amount. h 
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In  earlier  work  Kastle  and  Loevenhart  (32)  found  that  pancreatic 
extract  was  less  active  on  ethyl  butyrate  than  liver  extract  but  the 
reverse  was  the  case  when  fats  were  used  as  zymolytes. 

It  appears  desirable  therefore  to  differentiate  between  enzymes  which 
hydrolyze  the  fats  readily — the  true  lipases — and  those  which  work 
slowly  on  the  fats  but  readily  on  the  esters  of  the  lower  fatty  acids  and 
on  lecithin  and  which  may  be  called  esterases.  Lipases  appear  to  be 
present  in  significant  amounts  only  in  the  intestinal  secretions  of  the 
pancreas  and  other  intestinal  glands,  while  the  esterases  are  of  quite 
general  distribution.  In  view  of  the  importance  of  lecithin  as  an  inter- 
mediate stage  in  fat  metabolism  the  esterases  are  therefore  to  be  re- 
garded as  potentially  of  considerable  significance.  Since  fat  is  synthe- 
sized in  the  intestinal  epithelium,  the  presence  there  of  a  true  lipase 
must,  however,  be  admitted  and  the  question  of  the  passage  of  fat  out 
of  these  cells  into  the  villi  or  into  the  leucocytes  by  the  hydrolysis-syn- 
thesis method  must  be  left  open. 

The  bile  in  fat  absorption.  Along  with  the  abundant  lipase  supplied 
to  the  intestine  there  is  secreted  a  similarly  large  volume  of  bile,  the 
importance  of  which  in  fat  absorption  has  been  known  for  a  long  time. 
Although  it  furnishes  no  lipase,  its  exclusion  from  the  intestine  results 
in  as  much  or  greater  loss  of  fat  than  the  loss  of  the  pancreatic  secretion. 
Its  main  function  appears  to  be  in  increasing  the  solubility  of  the  fatty 
acids  and  soaps  in  the  intestine  and  so  aiding  their  transport  through 
the  absorbing  cells  (33) .  It  also  increases  the  activity  of  the  lipases  (34), 
increases  intestinal  peristalsis  and  provides  materials  which  aid  in 
providing  optimum  conditions  for  fat  digestion.  These  later  are  alkali 
(carbonate  and  bicarbonate)  to  be  used  in  the  formation  of  soaps  and  in 
preserving  the  reaction  of  the  intestinal  fluids,  and  lecithin,  mucin,  etc., 
which  stabilize  the  fat  emulsions. 

Considering  aU  the  evidence  together,  there  is  every  reason  to  believe 
that  the  fat  is  completelj'-  hydrolyzed  into  glycerol  and  fatty  acids 
before  it  passes  from  the  intestine.  The  split  products  are  taken  up 
by  the  epithelial  cells  and  converted  by  them  into  fat  which,  depending 
on  the  rate  of  inflow  from  the  intestine,  is  either  passed  on  at  once  to  the 
lacteals  or  stored  temporarily.  As  to  what  happens  to  the  fat  from 
this  time  on  to  its  appearance  in  the  thoracic  duct  very  little  is  known 
with  certainty  beyond  the  fact  that  before  passing  out  of  the  epithelial 
cells  the  fat  particles  are  reduced  to  invisibility.  Whether  this  means 
re-hydrolysis  or  whether  the  division  is  a  physical  one  is  not  clear,  but 
since  fat  is  synthesized  in  these  cells  there  must  be  lipase  present  and 
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re-hydrolysis  is  at  least  a  possibility.  Heidenhain's  claim  that  the  fat 
particles  are  expelled  from  the  epithelial  cells  by  contraction  of  the 
protoplasm  is  difficult  to  accept  since  the  cells  are  fixed  at  the  basal  end 
and  there  is  no  more  reason  to  assume  an  amoeboid  chai'acter  at  this 
end  than  at  the  other.  The  leucocytes,  in  view  of  the  work  of  Schaefer 
and  later  of  Clark  and  Clark,  undoubtedly  do  carry  fat  to  the  lacteals, 
but  whether  their  function  is  of  importance  in  intestinal  absorption 
remains  to  be  shown,  the  whole  question  depending  on  whether  there 
are  enough  of  them  to  do  the  work.  As  shown  by  Clark  and  Clark,  the 
leucocytes  have  the  power,  like  the  epithelial  cells,  of  building  up  large 
fat  globules  in  their  bodies  and  also  of  reducing  them  again  to  invisible 
size,  but  whether  this  involves  a  double  hydrolysis  and  synthesis  also 
remains  to  be  proven,  since  lipase  in  significant  amounts  has  not  been 
demonstrated.  Owing  to  the  absence  of  lipase  in  amount  suflacient  to 
bring  about  these  numerous  hydrolyses  and  sjmtheses  in  the  various 
tissues  it  appears  better  for  the  present  to  assume  that  the  primary 
hydrolj^sis  in  the  intestine  and  synthesis  in  the  epithelial  cells  is  the 
only  one  the  fats  undergo  and  that  all  further  transport  across  cell 
walls  is  either  as  particulate  matter  in  a  fine  state  of  division  or  by 
transformation  into  water-soluble  substances  of  the  nature  of  lecithin, 
for  the  hydrolysis  (and  therefore  synthesis)  of  which  enzymes  are 
available.  As  will  be  seen  later,  both  methods  are  probably  employed. 
Passage  of  fat  into  the  circulation.  Fat  absorption  is  generally  dis- 
cussed only  in  connection  with  the  passage  of  fat  into  the  lacteals  and 
the  thoracic  duct  and  so  to  the  circulation  indirectly  since  this  seems  to 
be  the  main  and,  up  to  the  present,  the  only  demonstrable  path  of 
absorption.  What  are  the  indications  that  fat  may  pass  into  the  circula- 
tion in  other  and  possibly  more  (Hroct  ways?  It  has  never  been  possible 
to  recover  all  the  absorbed  fat  from  the  chyle  of  the  thoracic  duct,  in 
fact  al>out  (iO  per  cent  appears  to  be  the  maximum  recoverable  (35), 
— which  would  indicate  either  that  some  of  the  absoilxMl  fat  had  been 
stored  somewhere  along  the  lymph  tract  or  that  some  had  been  ab- 
8orl)e(l  directly  into  the  blor)d  stream.  Evidence  regarding  absorption 
directly  into  the  biootl  stream  from  the  intestine  is  contnidiclory. 
Bornstein,  under  Heidenhain's  direction  (36),  compared  the  fat  content 
of  the  carotid  and  portal  blood  at  the  height  of  fat  absorption  and  found 
the  fat  content  of  the  carotid  artery  to  In-  slighlly  iiighcr  bolli  in  whole 
blood  and  in  the  dry  residue  than  in  the  portal  vein.  J^'l<>rico  (37) 
found  that  during  normal  fat  absorption  \ho.  total  solids  and  <he  fat 
conl4'nt  of  the  portal  vein  were  always  higln'r  than  those  of  the  jugular. 
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After  ligature  of  the  thoracic  duct  the  fat  content  of  the  dry  residue  of 
the  portal  vein  was  still  slightly  higher  than  that  of  the  jugular,  but 
nothing  like  as  high  as  would  be  expected.  D'Errico's  experiments  may 
be  criticised  from  the  fact  that  samples  were  not  taken  simultaneously 
but  from  one-half  to  one  hour  apart,  and  that  absorption  of  all  kinds 
from  the  intestine  was  interfered  with  by  the  operation  since  the  total 
solids  in  the  portal  vein  diminishes  considerably.  These  experiments 
have  been  repeated  recently  by  Zucker  (38),  with  negative  results. 
He  ascribes  d'Errico's  positive  results  to  faulty  technique  and  concludes 
that  no  marked  participation  of  the  blood  vessels  in  fat  absorption  can 
be  assumed.  It  seems  therefore  that  although  the  possibility  of  absorp- 
tion of  fat  in  small  amounts  by  the  blood  vessels  cannot  be  denied, 
there  is  no  evidence  yet  available  to  prove  it.  It  should  be  noted 
however  that  none  of  the  methods  used  for  the  determination  of  fat  can 
be  relied  on  to  give  results  accurate  to  within  much  less  than  5  per  cent 
of  the  true  value,  and  in  view  of  the  extensive  circulation  through  the 
portal  system  a  difference  of  2  or  3  per  cent  would  account  for  a  con- 
siderable absorption.  It  is  perhaps  significant  in  this  connection  that 
Clark  and  Clark  found  no  attraction  between  blood  capillaries  and  fat 
or  leucocytes  such  as  is  exhibited  between  them  and  lymph  capillaries. 
Excluding  direct  absorption  into  the  blood  the  30  to  40  per  cent  of 
absorbed  fat  which  cannot  be  collected  from  the  thoracic  duct  may  be 
accounted  for  either  by  storage  in  some  place  along  the  lymph  path  or 
by  entry  into  the  lymph  or  blood  systems  by  other  channels  than 
the  thoracic  duct.  No  such  connection  has  ever  been  demonstrated  and 
if  present  it  is  probably  of  little  importance  since  when  the  thoracic  duct 
is  tied  off  little  or  no  fat  reaches  the  blood  (37),  (39).-  As  to  the  possi- 
bility of  fat  storage  along  the  path  of  transport,  fat  is  present  in  the 
epithelial  cells  and  the  intestinal  leucocytes  for  some  time  after  it  has 
ceased  to  be  absorbed  from  the  intestine  and  it  has  been  found  in 
quite  large  amounts  in  the  leucocytes  in  the  lymphoid  tissue  of  the 
intestine  (Heidenhain,  p.  85)  even  during  fasting.  Nevertheless  the 
amount  that  could  be  stored  in  this  way  is  probably  not  great,  and  in 
spite  of  the  lack  of  evidence  of  direct  absorption  into  the  blood  stream  the 
probability  is  that  some  at  least  of  the  fat  is  absorbed  in  that  way.     The 

*  Too  much  weight  should  not  be  placed  on  results  obtained  by  tying  off  the 
thoracic  duct,  for  the  shock  caused  by  the  operation  and  by  the  backing  up  of 
the  chyle  must  be  great,  and  the  failure  to  demonstrate  differences  in  fat  content 
of  the  blood  during  absorption  may  indicate  only  that  the  fat  is  being  removed 
from  the  blood  as  fast  as  it  enters. 
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direct  evidence  presented  by  Bomstein  and  Zucker  against  absorption 
into  the  portal  system  may  mean  only  that  their  methods  of  measm*e- 
ment  were  not  sensitive  enough. 

Transport  from  the  blood  to  the  tissues:  Changes  in  hlood 
lipoids  during  fat  absorption.  The  larger  and  only  traceable  part  of  the 
fat  from  the  intestine  is  delivered  into  the  blood  stream  from  the 
thoracic  duct  in  the  form  of  suspended  particles  of  finely  divided  pure 
fat.  Traces  of  soaps  or  fatty  acids  have  been  reported  but  these  are 
little  if  any  more  than  could  be  accounted  for  by  the  methods  of  separa- 
tion employed.  The  finely  suspended  fat  in  the  blood  is,  as  far  as  can 
be  determined,  exactly  the  same  as  that  in  the  chyle — particles  of 
about  1/x  in  diameter,  vary  even  as  to  size  and  having  a  pronounced 
Brownian  movement.  During  the  time  that  this  fat  is  in  the  blood  and 
excepting  only  when  little  fat  is  being  absorbed,  there  is  to  be  noted  a 
considerable  increase  in  phospholipoid — "lecithin" — and  sometimes 
also  of  cholesterol.  The  increase  of  lecithin  is  reported  by  all  investiga- 
tors who  have  dealt  with  the  lipoid  changes  in  the  blood  during  fat 
absorption  (40).  As  far  as  has  been  determined,  increases  in  lecithin  are 
most  marked  in  the  corpuscles  and  since  fat  was  increased  in  them 
also  the  inference  seems  justified  that  fat  is  being  taken  up  by  the  cor- 
puscles and  transformed  into  lecithin  (40).  The  fact  that  further  (un- 
published) experiments  indicate  that  the  increase  in  the  corpuscles 
does  not  always  take  place  need  not  invalidate  the  assumption  since 
from  work  on  persistent  lipemia  (41)  it  is  probable  that  the  lecithin 
soon  passes  from  the  corpuscles  to  the  plasma.  As  regards  cholesterol, 
while  most  investigators  have  not  found  any  increase  during  fat  absorp- 
tion (38),  (40),  (42),  others  (43)  have  noted  increases.  The  differences 
in  findings  as  regards  cholesterol  may  be  due  to  the  fact  noted  by  Isco- 
vesco  that  changes  in  cholesterol  values  generally  do  not  come  until 
late  in  the  period  of  absorption  and  so  may  be  missed  if  the  observations 
have  not  been  continued  long  enough.  Undoubtedly  also,  when  small 
amounts  of  fat  are  Ijeing  absorl)ed  no  changes  at  all  may  bo  noted  in 
cholesterol.  Allowing  that  the  increase  of  cholesterol  in  fat  absorption 
is  a  normal  event  there  appears  to  be  a  definite  sequence  in  th(>  lipoid 
changes  following  the  appearance  of  large  amounts  of  fat  in  the  blood — 
the  lecithin  incretising  first  and  then  the  rholrstcrol.  It  is  probable 
that  the  increjiHt»  of  fat  nuist  reach  a  certain  mugnitudi;  before  lecithin 
18  formed  in  notable  amounts  and  that  lecithin  nmst  be  similarly  in- 
crcoAcd  Ixjfon;  choleHt<'rol  l)egins  to  increase.  In  persistent  lipemia 
both  lecithin  and  cholesU'rol  arc  increased  along  with  Ww.  fat,  the 
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cholesterol  to  a  greater  extent  than  the  lecithin  (41).  In  cases  of  per- 
sistent lipemia  that  have  been  studied  from  their  beginning  throughout 
their  course  (41)  the  same  sequence  in  the  appearance  of  fat,  lecithin 
and  cholesterol  noted  above  may  generally  be  observed,  fat  increasing 
first,  then  lecithin  and  finally  cholesterol.  At  the  subsidence  of  the 
lipemia,  lecithin  and  cholesterol  persist  after  the  fat  has  gone  and 
of  these  cholesterol  persists  longest.  Since  lecithin  is  almost  certainly 
a  factor  if  not  a  stage  in  fat  metabolism  its  increase  following  increase  of 
fat  is  readily  explainable,  but  it  is  more  difl&cult  to  account  for  the  in- 
creases in  cholesterol,  since  although  it  does  to  some  extent  (about  one- 
third  of  its  amount)  form  esters  with  the  fatty  acids,  these  are  more 
difficultly  saponifiable  than  the  fats  (while  lecithin  is  more  readily 
saponifiable)  and  can  for  that  reason  hardly  be  regarded  as  important  in 
fat  metabolism.  Cholesterol  and  lecithin  are  known  to  be  antagonistic 
in  many  of  their  relations  in  the  living  body  and  it  may  be  that  the 
increase  of  cholesterol  following  that  of  lecithin  is  a  reaction  whose 
purpose  is  to  offset  the  injurious  effects  of  an  abnormally  high  con- 
centration of  lecithin. 

Further  evidence  that  lecithin  (phospholipoid)  may  be  of  great  if  not 
of  supreme  importance  in  the  transport  of  fat  in  and  from  the  blood  is 
provided  by  the  work  of  Meigs  and  his  co-workers  (44)  on  milk-fat 
secretion  in  cows.  These  investigators  found  that  during  milk  secre- 
tion the  difference  in  the  lipoid  phosphorus  values  of  the  blood  plasma 
before  and  after  passing  through  the  mammary  gland  is  sufficient  to 
provide  the  entire  amount  of  fat  secreted  in  the  milk.  Allowing  for 
considerable  errors  in  the  calculations  on  which  this  assumption  is 
based,  the  fact  remains  that  a  large  proportion  of  the  milk  fat  probably 
has  its  origin  in  the  phospholipoid  of  the  blood.  There  is  considerable 
evidence  of  an  indirect  nature  which  may  be  brought  to  the  support  of 
the  thesis  that  lecithin  in  the  blood  is  the  main  form  of  transport  of 
fat,  and  the  precursor  of  fat  in  the  tissues,  and  conversely,  that  fat  in 
the  tissues  on  entrance  into  the  blood  is  changed  to  lecithin.  While, 
as  discussed  above,  it  is  improbable  that  lipases  are  present  in  the 
tissues  in  amounts  sufficient  to  bring  about  the  passage  of  fat  to  and 
from  the  cells  by  hydrolysis,  all  workers  are  agreed  that  there  is  abun- 
dant enzyme  in  the  tissues  for  the  transformation  of  lecithin  (esterases, 
Iccithinases) .  Lecithin  is  present  in  relatively  large  amount  in  the 
organ  which  is  known  to  be  most  active  in  fat  metabolism,  e.g.,  the 
liver;  also  in  the  heart  where  a  large  reserve  supply  of  readily  available 
energy  is  required,  and  in  the  brain  where,  although  the  energy  exchange 
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is  not  great,  the  conditions  for  the  energy  transfonnation  must  be  very 
exactly  adjusted.  Lecithin  is  the  only  compound  of  the  fatty  acids 
(\sith  the  exception  of  the  soluble  soaps  which  arc  known  to  be  toxic) 
which  is  miscible  in  water  and  which  can  therefore  readily  follow  the 
lines  of  water  transport.  These,  together  with  the  observation  that 
lecithin  is  formed  in  the  blood  during  fat  absorption,  present  a  strong 
argument  for  the  belief  that  it  is  the  main  form  in  which  fat  is  moved  in 
the  animal  body. 

On  the  other  hand  it  cannot  be  denied  that  fat  may  be  removed 
from  the  blood,  at  least  temporaiily,  in  other  forms  than  as  lecithin. 
During  fat  absorption,  and  at  other  times  of  large  fat  transport,  as  in 
fasting,  diabetic  lipemia  and  in  phosphorus  and  other  poisoning,  the 
liver  is  found  loaded  with  fat,  mainly  as  such  although  the  lecithin 
content  of  the  liver,  if  not  greater  at  the  time,  is  generally  soon  increased 
(45).  Fine  emulsions  of  colored  or  otherwise  marked  fat  when  injected 
into  the  circulation  are  found  to  collect  in  certain  definite  places — the 
liver,  bone  marrow,  spleen  and  muscles  in  the  order  named  (46),  in 
which  respect  the  fat  particles  behave  in  the  same  manner  as  particles 
of  other  foreign  matter.  For  this  reason  a  brief  review  of  the  factors 
involved  in  the  removal  of  finely  particulate  matter  from  the  blood  is 
desirable.  Evans  (47)  has  called  attention  to  a  group  of  endothelial 
cells,  called  by  him  macrophages,  which  are  found  in  the  vascular  sys- 
tem at  just  those  places  mentioned  above  where  injected  fat  is  found 
to  have  collected,  i.e.,  capillaries  of  the  hepatic  lobuU^s,  (iupillarios  and 
venules  of  the  spleen,  capillaries  and  venules  of  the  how  marrow,  capil- 
laries and  venules  of.  the  hemal  glands,  lymphatic  sinuses  of  the 
lymphatic  glands.  Other  macrophage's  which  are  more  or  less  fixed 
include  reticuhim  cells  of  lymph  glands  and  similar  cells  in  the  splenic 
pulp  and  bone  marrow  which  are  probably  endothelial;  also  cells  not 
directly  related  to  the  endoth(»lium  designated  variously  as  dasmocytes 
or  wandering  cells.  Besides  these  there  are  free  niacrojjhages — mono- 
nuclear cells  found  in  the  serous  cavities,  in  the  lymphatic  sinuses  of 
lymph  glands,  in  the  splenic  aiul  hepatic  cavities  but  rarely  observed  in 
the  iM*ripheral  blood  stream.  Recently  Simpson  (48)  in  Kvans'  labora- 
tory ha*»  fttudicd  these  cells  experimentally  and  has  outlined  conditions 
under  which  vast  nutnl)erH  of  these  macrophages  may  be  set  fre(>  in 
certain  iM)rtionH  of  the  circulation.  A  characteristic  feature*  of  the 
macrophugt'K  ix  the  presence  of  abundant,  various  sized  and  often 
delicate  iMM'udoiMMlia  which  may  cover  their  surface  and  which  would 
indicate  at  once  their  function  in  f'ti^culfinn  whatever  fro'  particles  w«*re 
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attracted  to  them.  The  phagocytic  nature  of  many  of  these  groups 
of  cells  has  long  been  known  and  it  is  easy  to  demonstrate  with  certain 
dyes,  colloidal  metals,  etc.  The  actual  demonstration  of  the  phago- 
cj^ic  activity  of  these  cells  toward  the  finely  suspended  fat  present  in 
the  blood  during  fat  absorption  has  never  been  made,  but  from  the 
general  observation  of  Bondi  and  Neumann  (see  above)  that  injected  fat 
may  be  found  in  just  those  places  where  these  cells  are  known  to  be 
abundant,  gives  a  strong  indication  that  they  are  concerned  in  the 
removal  of  suspended  fat  from  the  blood.  That  lipoids  accumulate  in 
these  cells  has  also  been  known  for  some  time  (49),  and  the  parallelism 
between  the  distribution  of  the  vital  dyes  and  the  fat  bodies  has  been 
pointed  out.  Also  it  is  precisely  these  cells  filled  with  anisotropic 
lipoids  (cholesterol  esters)  which  constitute  the  xanthoma  and  xan- 
thelasma cells  and  it  is  especially  significant  that  animals  fed  for  a  long 
time  on  cholesterol  suffer  a  very  general  conversion  of  their  wandering 
cells  into  xanthoma  cells  (Evans,  p.  257).  Whether  the  fat  so  taken 
up  is  passed  on  from  these  cells  into  the  tissues  or  whether  it  is  stored 
there  temporarily  to  be  given  up  to  the  blood  stream  later  for  trans- 
formation into  lecithin  cannot  be  surmised,  but  it  is  known  that  dye 
granules  may  remain  in  these  cells  for  a  long  time. 

Passage  from  the  tissues:  Fat  in  the  tissues.  Lipoid  material 
exists  in  the  tissues  in  several  forms,  of  which  fat,  phospholipoid  (leci- 
thin, etc.),  cholesterol  and  cholesterol  esters  are  present  in  largest 
amounts  and  are  best  known.  The  phospholipoid  has  been  found  to  be 
characteristic  of  the  organ,  e.g.,  always  more  abundant  in  the  kidney  or 
liver  than  in  the  muscles.  In  different  animals  of  the  same  species  it 
varies  relatively  little  and  although  the  variation  is  somewhat  greater  in 
different  species  the  values  are  quite  constant.  The  content  does  not 
vary  with  alimentation  (50).  A  characteristic  relation  between 
cholesteror  and  the  fatty  acid  content  of  most  tissues  has  also  been 
noted  (51).  Inanition  produces  a  rise  (which  may  be  only  relative)  in 
cholesterol  in  the  tissues,  especially  the  muscle  and  liver  (52) ,  and  in  the 
lipoid  phosphorus  (53)  especially  in  the  lungs.     The  fatty  acid  content 

.....       .     .       .  .  ,     ,         ,    .  Fatty  acid        .  , 

dimmishes  m  inanition   and  the  relation  ^. — t-, — ^ r is  mucn 

Lipoid  phosphorus 

below  normal  and  much  lower  than  in  any  phospholipoid  so  far  isolated, 

indicating  that  some  of  the  lecithin  present  may  contain  only  one  fatty 

acid  group  instead  of  two  as  normall}'. 

The  main  form  in  which  lipoid  material  is  stored  in  the  organism  is 

however  as  fat  and  although  there  are  but  few  locations  in  the  organ- 
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ism  where  traces  of  fat  may  not  be  found  it  is  in  general  laid  away  in 
a  special  tissue — the  adipose  tissue — which  is  collected  characteristically 
in  definite  locations  (54).  There  is  a  considerable  layer  under  the 
skin — the  panniculus  adiposus,  around  the  internal  parts — the  kidney, 
filling  up  furrows  in  the  heart — in  various  situations  beneath  the  serous 
coats  or  between  their  folds  as  in  the  mesentery  or  omentum,  around  the 
joints,  in  large  amounts  in  the  bone  marrow,  often  in  large  amounts 
between  the  muscle  fibers  and  occasionally  in  the  muscle  fibers  them- 
selves. The  adipose  tissue  alwaj^s  has  a  copious  blood  supply  and  the 
lymphatics  of  the  fat  tissue  are  in  close  relation  to  the  blood  vessels. 
The  adipose  tissue  is  modified  connective  tissue  which  apparently  is 
predestined  to  act  as  a  fat  store  from  the  early  stages  of  development 
(55).  Other  portions  of  connective  tissue  may  be  pressed  into  service 
as  required,  developing  a  special  blood  supply  for  the  occasion  and 
passing  back  to  ordinary  connective  tissue  again  when  it  gives  up  its 
fat,  which  is  not  the  case  with  true  adipose  tissue. 

Fat  may  be  deposited  in  many  cells  other  than  the  adipose  tissue — 
cartilage,  liver  (especially  during  fat  absorption  from  the  intestine), 
epithelimn  and  in  the  muscle  fibers.  In  many  of  these  locations  the 
fat  deposits  are  independent  of  the  nutritional  condition  of  the  body 
whereas  those  in  the  adipose  tissue  vary  with  it.  Greene  has  made  a 
study  of  the  storage  of  fat  in  the  Pacific  Coast  salmon  at  various  times 
in  its  migration  from  the  sea  to  the  spawning  grounds  and  his  data  are 
of  special  interest  in  connection  with  the  storage  of  fat  in  muscle  tissue 
(56).  In  the  dark  muscle,  fat  is  stored  chiefly  within  the  fibers  but  to 
some  extent  between  them.  In  the  pink  muscle  (the  great  lateral 
muscle  of  the  body)  fat  is  stored  wholly  between  the  fibers.  In  the 
constantly  active  fin  muscles  there  is  only  a  small  amount  of  storod 
fat  which  is  chiefly  between  the  muscles.  After  feeding  ceases  the  fat 
slowly  disappears  but  is  never  wholly  consumed  although  greatly 
reduced  at  the  time  of  death. 

The  liver  is  generally  regarded  as  a  temporary  fat  storehouse  and 
there  arc  many  observations  on  record  to  show  that  fat  accumulates 
in  this  organ  under  a  great  variety  of  conditions.  Thus  during  fat 
absorption  (67)  the  fat  of  the  liver  is  increased.  In  the  course  of  poi- 
soning with  many  substances,  e.g.,  pliosphonis,  the  liver  generally 
becomes  loaded  with  fat.  Delayed  chloroform  poisoning  is  accom- 
panied by  a  fatty  liver.  The  condition  occurs  in  chronic  alcoholism 
(68),  often  in  fnHting  ((>())  and  in  diabetic  lipciniii  (59).  Tli(>  fnMiu(>ncy 
with  which  flic  liver  Ixicomca  loaded  wiili  f;il  under  such  divi-rsc  coiidi- 
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tions  has  led  Leathes  (61)  and  Hartley  (62)  to  the  belief  that  the  liver 
is  an  important  temporary  storehouse  for  the  fat  passing  out  from  the 
tissues  and  they  bring  evidence  to  show  that  changes  preparatory  to 
combustion  (desaturation  of  the  fatty  acids,  combination  into  lecithin) 
are  brought  about  there.  All  workers  are  not  in  agreement  with  them 
in  the  belief  that  the  liver  is  a  fat  storehouse.  Thus  Terroine  and  Weill 
(63)  report  that  the  remarkable  constancy  of  the  fatty  acid  content  of 
the  liver  and  the  difficulty  of  diminishing  the  content  by  inanition  or  of 
increasing  it  by  hyperalimentation  leads  them  to  the  belief  that  the 
liver  is  not  a  storehouse  of  fat.  In  a  study  of  the  fat  changes  in  the 
liver  in  geese  under  forced  feeding,  Mayer  and  others  (64)  found  that  it 
was  only  in  the  later  stages  of  feeding  when  the  other  fat  depots  are 
full  that  the  liver  and  blood  load  up  with  fat.  They  conclude  that 
there  is  nothing  in  their  experiments  to  show  that  the  liver  acts  nor- 
mally as  a  fat  storehouse.  Terroine  (52)  found  that  the  liver  preserves 
its  fatty  acid  content  after  several  weeks  of  fasting.  In  hyperalimen- 
tation it  does  not  increase  except  in  immature  animals.  Bell  (55),  in 
studies  on  fat  cattle,  found  fat  in  the  hepatic  cells  of  two  moderately 
fat  animals  while  none  was  found  in  the  very  fat  animals.  He  con- 
cludes that  there  is  no  relation  between  the  presence  of  fat  in  the  liver 
and  the  nutritive  condition  of  the  animal. 

Fat  is  laid  down  in  the  cells  of  the  adipose  tissue  of  animals  in  the 
same  way  as  has  been  noted  for  the  epithelial  cells  of  the  intestine — ap- 
pearing first  as  fine  droplets  which  gradually  becoming  larger,  fuse  with 
each  other  until  the  cell  is  filled  with  a  single  large  globule  of  fat.  In 
plant  cells  which  store  fat,  droplets  are  never  seen  (65).  The  fat  is  so 
finely  divided  and  so  intimately  mixed  with  the  other  constituents  of 
the  protoplasm  that  individual  droplets  cannot  be  distinguished  even 
with  the  highest  powers  of  the  microscope,  and  only  on  germination 
visible  fat  droplets  are  found.  It  is  as  though  the  fat  has  been  present 
in  colloidal  form  and  that  flocking  out  took  place  only  as  a  result  of  the 
swelling  produced  by  germination.  This  condition  is  interesting 
because  it  is  never  known  to  occur  in  storage  cells  of  animals. 

In  the  laying  down  of  fat  in  the  adipose  tissue  the  cells  adjacent  to  the 
blood  vessels  are  filled  first  and  the  filling  extends  outwards  in  all 
directions,  which  has  also  been  found  to  be  the  case  with  the  liver  (55). 
As  to  what  elements  or  constituents  of  the  cells  are  concerned  with  the 
laying  down  of  fat,  very  little  is  known.  Certain  granules  (Altmann's 
granules)  (66)  are  always  found  in  cells  (55)  (intestinal  epithelial,  adi- 
pose tissue,  etc.)  which  are  concerned  with  the  storage  of  fat  but  too 
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little  is  definitelj'  known  regarding  them  to  warrant  extended  dis- 
cussion at  this  tinie.  The  possible  role  of  a  lipase  or  esterase  in  the 
transfer  of  fat  in  and  out  of  these  cells  has  been  discussed  earlier  in 
the  paper. 

When  the  stored  fat  is  required  by  the  organism  it  is  removed  from 
the  adipose  tissue  first  and  the  removal  continues  until  these  cells  are 
practically  empty,  while  even  in  death  by  starvation  the  fat  content  of 
other  tissues  may  not  be  greatly  changed  (67),  (52),  indicating  that  the 
supph'  of  fat  in  these  cells  if  used  at  all  is  being  continuously  replenished 
from  the  blood.  Thus  Greene  (56)  found  that  the  fat  inside  the  muscle 
fibers  of  the  migrating  (fasting)  salmon  is  present  in  all  specimens  at  all 
stages  of  the  migration  and  its  quantity  is  remarkably  uniform.  At  the 
time  of  death  considerable  quantities  are  still  present  in  the  smallest 
fibers.  This  fat  is  not  observable  in  these  muscle  fibers  when  the  ani- 
mal is  feeding  but  appears  only  when  feeding  stops. 

As  regards  the  stimulus  to  the  outflow  of  fat  from  the  stores  very 
little  is  known  other  than  that  it  is  obviously  the  result  of  inanition  of 
the  tissues  caused  either  by  direct  deprivation  of  food  or  by  poisoning. 
As  to  the  immediate  stimulus,  the  disappeai'ance  of  glycogen  from  the 
liver  (and  other  tissues)  has  been  suggested  (68)  and  an  antagonism 
between  glycogen  and  fat  in  the  tissues  has  been  suspected.  Extensive 
bleeding  has  been  found  to  cause  an  outflow  of  fat  from  the  tissues  of 
certain  animals  (41)  but  this  again  may  be  the  result  of  inanition  due  to 
anemia. 

Effect  of  transport  of  fat  on  the  blood  lipoids.  The  outflow  of  fat  from 
the  tissues  into  the  blood  may  or  may  not  cause  an  increase  in  the  blood 
lipoids  depcntling  on  the  balance  between  the  inflow  from  the  stores  and 
the  outflow  to  the  tissues  in  which  fat  is  being  utilized.  If  inflow  and 
outflow  are  equal,  the  blood  lipoid  level  remains  constant.  If  the  inflow 
is  greater  than  the  outflow,  due  either  to  flooding  the  organism  with 
fat  beyond  its  capacity  to  deal  with  it  as  in  the  lipomia  produced  by 
bleeding  and  also  that  occurring  in  the  early  days  of  fasting,  or  to 
diniiniflhed  power  of  the  tissues  to  remove  fat  from  the  blood  as  in 
dialK'tic  lipemia  (41),  then  the  l)l()()d  Hpoids  increase  until  sometimes  a 
visible  niilkincsK  (lipemia)  is  produced.  There  may  however  i)e  con- 
RJdcrable  incrciwcs  in  the  lipoiils  Iw'fore  then^  is  visible  lipemia  and  it 
cannot  Ixi  assumed  that  the  increase's  in  this  vhhv  are  due  (o  "soluble" 
lipoids  such  us  lecithin  alone,  since  cholesterol  and  fat  may  both  be 
increased.  The  form  of  occurrence  of  the  latter  substunccs  then 
becomes  a  matter  of  interesting  K|K>culation. 
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That  there  is  a  tendency  toward  constant  values  for  the  Hpoids  of  the 
blood  both  in  plasma  and  especially  in  the  corpuscles  in  the  normal 
animal  seems  now  to  be  pretty  well  established  (69),  and  whenever  the 
amount  of  fat  shifted  is  not  too  great  the  blood  preserves  its  constancy 
of  values.  After  ingestion  of  considerable  amounts  of  fat  the  lipoid 
level  and  balance  is  disturbed  as  noted  above.  In  fasting  it  may  or 
may  not  be  (70),  depending  apparently  on  the  nutritional  condition  of 
the  subject  (71),  or  rather  perhaps  on  the  availability  of  the  stored 
fat,  since  it  is  apparently  the  case  that  fat  may  be  more  or  less  loosely 
stored,  with  the  result  that  the  stimulus  of  hunger  may  produce  an 
excessive  or  merely  adequate  outflow  depending  on  the  nature  of  the 
storage.  It  is  significant  that  the  increases  in  blood  lipoids  in  fasting 
take  place  only  in  the  first  days,  and  after  that  the  lipoid  content  re- 
mains constant  or  slowly  diminishes  till  the  death  of  the  animal  (Daddi, 
Terroine).  Similarly  those  substances  which  cause  a  transfer  of  fat 
from  the  fat  stores  via  the  blood  such  as  narcotics,  phosphorus,  etc., 
may  or  may  not  cause  an  increase  of  blood  lipoids,  probably  for  the 
same  reasons.  Great  hemorrhage  in  certain  animals  (rabbits)  produces 
an  outflow  of  fat  into  the  blood  far  greater  than  the  normal  mechanism 
can  take  care  of,  and  the  result  is  a  lipemia.  In  other  animals  (dogs) 
it  is  apparently  impossible  to  produce  a  lipemia  by  hemorrhage, 
probably  for  the  reason  that  in  these  animals  the  ability  to  handle  fat 
is  much  greater  than  in  rabbits,  which  are  not  accustomed  to  much  fat 
in  their  diet  (41).  In  all  cases  examined  of  lipemia  lasting  for  more 
than  a  day  or  two,  not  only  the  fat  but  also  lecithin  and  cholesterol 
are  much  above  normal. 
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THE  WATER  BALANCE  OF  THE  BODY 

LEONARD  G.  ROWNTREE 
The  Mayo  Foundation,  University  of  Minnesota 

Water  balance  may  be  defined  as  the  daily  relation  between  the  total 
amount  of  water  entering  the  organism  through  the  ingestion  of  liquids 
and  food  and  the  total  output  of  water  lost  from  the  body  by  way  of  the 
kidneys,  bowels,  lungs,  and  skin.  In  the  intake  must  be  included  the 
wat^r  of  oxidation. 

For  the  maintenance  of  health  the  intake  must  be  sufficient  to  main- 
tain the  amount  of  water  in  the  body  tissues  necessary  for  maximal 
efficiency  in  metabolism  and  in  the  execution  of  other  physiologic 
processes.  This  involves  the  removal  of  waste  products  and  the  dis- 
sipation of  heat.  Since  heat  dissipation  constitutes  one  of  the  important 
factors  governing  the  measurement  of  water  in  the  oi-ganism,  loss  of  water 
by  the 'skin  and  respiratory  tract  will  be  discussed  in  considerable  detail. 
Although  the  loss  of  water  by  the  skin  and  lungs,  on  the  one  hand,  and 
by  the  kidney  on  the  other,  are  to  a  certain  extent  inversely  propor- 
tional, the  function  the  water  serves  in  excretion  by  these  channels  is 
different  and  can  not  be  interchanged  vicariously. 

Water  is  essential  to  the  life  and  function  of  every  living  cell.  While 
it.s  importance  is  and  always  luis  been  known,  its  unique  properties  are 
not,  and  have  not  l)een  so  clearly  recognized. 

In  his  recent  book,  Henderson  attempts  to  giv(>  to  water  due  recog- 
nition.    He  saj's: 

In  phyHics,  in  chemiatry,  in  geology,  in  meteorology,  ami  in  biology  nothing 
else  threatens  its  prei'mincnce.  The  physicist  lins,  perforce,  chosen  it  to  define 
his  standurdH  of  density,  of  heat  cupiicity,  un<i  so  forth,  and  ns  a  nicana  to  obtain 
fixn<l  points  in  thermometry.  The  <'hemist  has  often  been  almost  exclusively 
concerned  with  reactions  which  take  place  in  ucpieous  solution,  and  the  unique 
chemical  properties  of  water  arc  of  fundamental  signincancc  in  most  of  the 

departments  of  his  science The  action  of  water  now  apj)ear8  to  be  far 

the  most  momentous  factor  in  geological  evolution.  TIh'  meteorologist  perceives 
that  the  incomparabhr  mobility  of  water,  which  <lepcnils  upon  its  peculiar  i)hysi- 
chI  properties  and  upon  its  existence  in  vast  (plant  iti«'S  in  all  three  states  of  solid, 
licpiid,  anti  gas,  is  the  <diief  factor  among  the  ))ropertifs  of  matter  to  determine 
the  nature  of  the  plu-nomemi  which  he  studies;  atid  i\u\  physiologist  has  found 

lie. 
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that  water  is  invariably  the  principal  constituent  of  active  living  organisms. 
Water  is  ingested  in  greater  amounts  than  all  other  substances  combined  and  it 
is  no  less  the  chief  excretion.  It  is  the  vehicle  of  the  principal  foods  and  ex- 
cretory products  for  most  of  these  are  dissolved  as  they  enter  or  leave  the 
body. 

In  closing  the  chapter  on  water,  Henderson  goes  on  to  say: 

Water,  of  its  very  nature,  as  it  occurs  automatically  in  the  processes  of  cosmic 
evolution,  is  fit,  with  a  fitness  no  less  marvelous  and  varied  than  that  fitness  of 
the  organism  which  has  been  won  by  the  process  of  adaptation  in  the  course  of 
organic  evolution.  If  doubts  remain,  let  a  search  be  made  for  any  other  sub- 
stance which,  however  slightly,  can  claim  to  rival  water  as  the  viilieu  of  simple 
organisms;  as  the  milieu  intirieur  of  all  living  things,  or  in  any  other  of  the  count- 
less physiological  functions  which  it  performs  either  automatically  or  as  a  result 
of  adaptation. 

Water  constitutes  more  than  70  per  cent  of  protoplasm,  the  structural 
basis  of  organic  life.  Hence  it  follows  that  water  is  of  the  greatest 
significance  to  life.  Indeed  by  some  physical  chemists,  protoplasm  is 
looked  upon  as  essentially  an  aqueous  solution  in  which  are  spread  out 
colloidal  substances  of  the  greatest  complexity.  Although  we  are  accus- 
tomed to  look  upon  the  cell  as  the  seat  of  metabolism,  it  is  not  so  clearly 
recognized  that  water  constitutes  the  medium  in  which  the  chemical 
changes  of  metabolism  occur,  that  as  a  milieu  interieur  it  is  essential 
to  life,  and  that  it  is  fundamental  to  practically  all  physiologic  proc- 
esses. 

Rubner  early  called  attention  to  the  fact  that  in  starvation  an 
animal  can  lose  practically  all  his  glycogen  and  fat,  and  half  his 
body  protein,  appro.ximately  40  per  cent  of  body  weight,  and  still 
live,  whereas  the  loss  of  10  per  cent  of  the  water  content  of  the  body 
results  in  serious  disorders,  and  the  loss  of  from  20  to  22  per  cent  results 
in  death. 

The  necessity  of  water  in  biologic  processes  is  universal.  Animals 
whose  habitat  is  far  removed  from  sources  of  water  are  favored  with 
special  mechanisms  for  their  protection  during  water  deprivation.  Thus 
the  camel  not  onlj^  has  a  system  of  stomachs  most  capacious  and 
effective  for  carr>4ng  its  water  supply,  but  it  has  humps  with  great  stores 
of  fat  which  furnish  large  amounts  of  water  of  metabolism,  a  thick  coat 
of  fine  hair  which  minimizes  water  evaporation,  and  a  digestive  tract  that 
wastes  no  fluid,  and  permits  dsy  stools  only.  Certain  species  of  the 
moth,^  are  provided  with  a  most  effective  mechanism  whereby  their 

*  The  clothes  moth,  the  bee  moth,  the  four  spotted  pea  weevel,  and  the  Medi- 
terranean flour  moth. 
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own  supplj'  of  water  is  furnished  through  metaboHsm.  It  has  been 
demonstrated  that  they  may  hve  for  long  periods  in  a  desiccator  on 
food  which  contains  but  from  5  to  10  per  cent  of  actual  water  and  bring 
forth  larvae  containing  from  50  to  80  per  cent  of  water  (Babcock). 

In  relation  to  the  duration  of  life,  water  occupies  a  position  inter- 
mediate between  food  and  oxygen;  is  more  vital  than  the  former,  and 
less  vital  than  the  latter.  Some  data  bearing  on  the  relative  importance 
of  these  thi-ee  essentials  is  shown  in  table  1. 

The  constitution  of  water.^  As  commonly  accepted,  the  con- 
stitution of  water  is  H2O  and  the  molecular  weight  18.  That  this 
holds  true  only  under  limited  and  unusual  conditions  has  been  proved 
recently  largely  through  the  work  of  Rontgen,  Armstrong,  Eotvos, 
Ramsey  and  Shields,  and  Sutherland.  The  percentage  composition  of 
water,  two  atoms  of  hydrogen  to  one  of  oxygen,  was  proved  by  Caven- 
dish' in  1781,  although  the  true  explanation  of  his  results  was  not  apparent 
until  the  experiments  of  Lavoisier  in  1783  (Bayliss). 

The  physical  properties  of  water  especially  its  freezing  and  boiling 
points,  do  not  coincide  with  those  of  a  simple  compound  containing 
three  atoms  only  of  gases  with  extremely  low  freezing  and  boiling  points. 
If  it  were  so  constituted,  its  freezing  point  would  be  —  150°C.  and  its 
boiling  point  —  lOCC,  in  comparison  with  other  similar  compounds 
(Bayliss).  Its  high  critical  temperature,  cohesion,  refractive  index,  and 
high  surface  tension  all  indicate  that  its  formula  is  more  complex  than 
H2O.  That  this  is  true  is  widely  accepted,  at  least  for  temperatures 
lower  than  400°C. 

Practically  all  investigators  are  agreed  that  water  is  a  multiple  or 
poljrmer  of  H2O.  Rontgen  first  suggested  that  all  abnormal  properties 
of  water  could  be  accounted  for  qualitatively  by  iissuming  liquid  water 
to  be  a  saturated  solution  of  ice  in  some  other  form  of  water.  From  a 
study  of  surface  tension  energy,  Eotvos  concluded  that  liquid  water 
must  be 'a  polymer  of  H2O.  Ramsey  and  Shields  computed  from  the 
surface  U-nsion  that  the  fonnula  at  tiie  l)()iling  point  must  be  (1100)3, 
and  in  ice  (HjO)^,  a  result  arrived  at  eariier  by  Eotvos.  Determinations 
of  the  freezing  point  of  solutions  of  water  in  other  solvents  point  to  the 
fonnula  (HaO)2.  Sutherland  luw  attempted  to  prove  that  steam  is 
represented  by  HjO,  termed  hydrol,  and  ice  by  (H20)s,  trihydrol, 

liquid  water  b<Mng  (HjO)s,  a  mixture  of  trihydrol  and  dihydrol. 

• 

•  For  the  cJi«cuM8ion  of  con«titiition  of  water  soo:  Millard :  PhyHJcal  ohcmistry 
for  collcgcii.    New  York,  McClriiw,  Hill,  1921,  \i.i\H. 

•  The  <Jii»foveric«  of  Wntt  nrul  ('avcruiiHh  liavr*  hocu  (liHcuHHCMJ  at  soino  IciiKth 
by  Buckle,  lltHlory  oj divilizatiun  in  Kit^Uiuil,  Xc'W  York,  A])|)lul()n,  ii,  I't.2,  p.  414. 
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As  to  the  actual  number  of  molecules  existing  in  the  various  poljnmers 
opinions  still  differ.  Bayliss  says,  "The  balance  of  evidence  appears  to 
be  that  ice  is  trihydrol,  steam  monohj^drol,  and  liquid  water  mostly 
dihydrol  with  varying  amounts  of  the  two  other  polymers  according  to 
temperature,"  and  he  looks  upon  water  as  a  ternary  mixture.  From 
the  foregoing  it  is  obvious  that  water  represents  polymerized  forms  of* 
H2O  but  that  the  exact  formulae  of  water  in  its  various  phases,  ice, 
water,  and  steam,  have  not  as  yet  been  definitely  determined. 

The  cause  of  the  marked  association  of  water  is  ascribed  to  the  extra 
valence  of  oxygen.  That  oxygen  is  tetravalent  at  times  is  accepted  by 
some  authorities  as  proved. 

^^^len  water  combines  with  salts,  the  water  may  be  present  as  hydrol. 
The  degree  of  complexity  of  liquid  water  is  supposed,  according  to 
Sutherland,  to  be  altered  not  only  by  temperature  variation  but  also 
when  it  acts  as  a  solvent,  a  positive  ion  converting  trihydrol  into 
dihydrol  and  a  negative  ion  causing  a  revereal  of  this  change  (Turner). 

Water  ingestion  and  excretion.  Normally,  water  sufficient  for  the 
needs  is  taken  daily  in  the  form  of  liquids  and  food.  Little  or  no  water 
is  absorbed  in  the  stomach.  It  passes  on  into  the  intestine  almost 
immediately,  in  small  spurts  occasioned  by  the  contractions  of  the 
stomach.  Taken  without  food,  the  passage  of  water  into  the  intestine 
is  |jut  a  matter  of  a  few  minutes  or  at  most  of  from  ^  to  1  hour;  495  cc. 
of  500  cc.  ingested  has  been  recovered  from  the  duodenum  within  25 
minutes  (Von  Mering).  When  taken  with  food,  2  or  3  hours  or  more  are 
required.  Constriction  of  the  intestinal  vessels  retards  and  dilatation 
increases  absorption  (Sollmann,  Hanzlik  and  Pilcher).  From  the  intes- 
tine it  is  al)sorbed  ratlier  quickly,  the  rate  depending  in  part  on  whether 
or  not  it  is  mixed  with  food  and  also  probably  on  the  degree  of  saturation 
of  the  body.  A  small  proportion  probably  remains  in  the  intestine  and 
poHHCH  from  the  body  in  the  stools.  It  is  absorbed  from  both  small  and 
largo  intestine.  After  absorption  it  becomes  a  part  of  the  water  of  the 
organism  and  plays  its  rdle  in  one  or  another  of  the  various  phases  of 
in(>tnlK>li.sm  or  in  the  execution  of  Honic  physiologic  fund  ion  on  tli(>  part 
of  .some  tissue  or  organ.  It  may  circulate  in  the  blood  or  lymph  stream, 
it  may  play  a  part  in  any  of  the  numerous  hydrolytic  or  oxidative 
•ions;  it  may  couHtitute  th(»  wafer  content  of  tlu^  tissues  or  of  one 
.„.n  OH  a  liquid  phase  of  colloidal  solution  or  as  water  of  hydration, 
it  may  ucrve  a^  the  vehichj  of  transportation;  it  may  be  cxcn»ted  by  one 
organ,  only  to  !»<•  carried  els<'wlH*re  to  anotlier  field  of  clKMnic.'il  reaction, 
or  il  nt.'iv  act  as  a  liil»iir:m(  on  somi^  glistcniny;  sinf.'icc  sulijfcl  lo  frici  ion. 
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It  reaches  every  cell  in  the  organism,  and  through  its  properties  fur- 
nishes the  opportunity  for  chemical  reactions,  for  changes  in  physical 
state,  and  for  energy  transformation. 

Having  served  these  functions  it  continues  to  serve  in  its  excretion 
by  way  of  the  kidneys,  bowels,  lungs  or  skin,  and  appears  finally  in  the 
urine,  feces,  sweat,  visible  or  invisible,  or  as  moisture  in  expired  air. 
The  proportions  excreted  by  these  different  channels  vary  greatly  from 
time  to  time  in  the  same  individual  even  in  health,  depending  upon  the 
influence  of  almost  innumerable  factors,  many  of  which  will  be  con- 
sidered later. 

In  health,  despite  the  complexity  of  the  role  in  metabolism,  water 
is  ingested  and  excreted  in  balanced  amounts  so  that  the  water  con- 
tent of  the  tissues  remains  practically  constant  and  at  a  level  of  maxi- 
mum efficiency.  The  mechanism  works  smoothly  and  automatically. 
The  sensation  of  thirst  indicates  the  needs  of  the  body,  and  the  sensa- 
tion of  distention  of  the  bladder  or  bowels  the  desirability  of  evacuation. 

The  maintenance  of  supply.  If  water  is  excreted  it  must  be  replaced  in 
order  that  metabolism  may  proceed  at  its  maximum  efficiency.  The 
need  of  the  body  for  water  is  determined  largely  by  environment  and 
metabolism.  Water  is  ingested  intermittentlj'^  as  drink  or  food  and 
ejected  intermittently  in  the  urine  and  stools.  But  it  is  supplied  con- 
tinuously to  the  cells  and  is  also  lost  continuously  bj'  way  of  the  lungs 
and  skin. 

Clinical  studies  of  water  balance.  As  ordinarily  conducted,  clinical 
studies  of  water  balance  are  grossly  inaccurate,  in  that  they  take  account 
as  a  rule  only  of  the  fluids  ingested  and  of  the  fluids  excreted  in  the  urine 
and  feces.  Fortunately  the  weight  of  the  patient  is  usually  followed, 
which  serves  as  a  valuable  control. 

The  accurate  determination  of  water  balance  is  a  matter  of  consider- 
able complexity  and  cannot  be  carried  out  satisfactorily  except  in  a  well 
equipped  metabolic  laboratory.  The  table  of  Soderstrom  and  Du- 
Bois  illustrates  the  various  factors  entering  into  consideration  of 
water  balance  and  indicates  the  need  of  scientific  training  and  of 
technical  facilities  in  undertaking  its  determination  (table  2). 

A  historical  sketch  of  water  balance  studies.  The  first  reference  to  the 
importance  of  determining  the  water  balance  is  made  by  Celsus  in 
De  Medicinae,  in  which  he  says,  in  a  discussion  of  dropsy,  "Nor  is  it 
improper  to  measure  both  the  drink  and  the  urine;  for  if  more  fluid  is 
excreted  than  is  taken,  so  at  length  there  is  hope  of  good  health."  He 
further  quotes  Asclepiades  as  having  instituted  abstinence  for  two  days 
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in  dropsy  secondary  to  malaria.  Araeteus,  the  Cappadoeian,  noted 
disturbances  in  the  urinary  output  in  diabetes.  He  says  of  it:  "Dia- 
betes is  a  wonderful  affection,  not  very  frequent  among  men,  being  a 
melting  down  of  the  flesh  into  urine."  However,  he  left  no  records  of 
quantitative  studies  of  water  exchange.  Sanctorius,  a  friend  of  Galileo, 
was  the  first  to  attempt  comprehensive  studies  in  water  metabolism. 
While  the  latter  was  engaged  in  the  creation  of  the  science  of  physics 
and  mathematics,  Sanctorius,  through  his  assistance,  was  engaged  in 
apph'ing  the  thermometer  and  balance,  that  is,  the  tools  of  science  to 
problems  of  physiology.  In  1614,  in  his  book.  Be  Statica  Medicina 
Aphorismorum,  he  published  the  results  of  years  of  investigation  on 

TABLE  2 

Water  balance 

Water  intake:  grams 

Drinking  water 300 

In  coffee,  milk,  and  soup 580 

In  solid  foods 720 

From  oxidation  of  100  grams  of  protein 41 

From  oxidation  of  100  grams  of  fat 118 

From  oxidation  of  244  grams  of  carbohydrate 135 

1894 
Water  output: 

In  urine 750 

In  feces 300 

Vaporized  through  skin  and  respiratory  tract 700 

1750 

Plus  balance  to  body 144 

Gain  in  body  weight 100 

increa«o«  and  decreases  in  his  own  body  weight  and  upon  the  factors  de- 
tennining  Ihew?  variations.  He  compared  (lie  weigiits  of  food  and  drink 
taken  daily  with  the  weight  of  the  urine  and  feces  discharged.  From 
thenc  data  and  th<'  variations  in  the  weight  of  his  body  he  deduced  the 
"(|uantity  of  material  lost  by  insensible  transpiratioji  through  llie  skin 
and  lung." 

Only  wIh'H  seience  Iwui  mivanced  to  the  stage  wlicre  the  nutun*  of  the 
chcniienl  protrcHWH  concerned  could  be  appreciated  (ISK)  ISfjO)  were 
more  comprehenHive  KtudieH  of  nietaboliHin  undertaken.  Then  in  rapid 
succt^on  curne  many  fundamental  invest igat ions  dealing  with  general 
mctalxjIiMin  including  that  of  water,  which  were  followed  some  time 
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later  by  tEe  important  studies  of  water  loss  of  Pettenkofer  and  Voit, 
and  Rubner,  and  Wolpert.  Within  very  recent  years  have  come  the 
more  exact  calorimetric  studies  of  Atwater  and  Benedict,  of  Benedict  and 
Carpenter,  and  of  DuBois,  and  the  ingenious  study  of  Lombard  of  the 
weight  loss  each  minute  by  transpiration. 

The  water  intake:  Water  and  beverages.  Generally  speaking  more 
water  is  ingested  than  is  required  by  the  economy.  The  chief  source  of 
the  fluids  of  the  body  is  water  per  se,  large  quantities  being  consumed 
also  in  the  form  of  beverages,  such  as  tea,  coffee,  cocoa,  milk,  carbonated 
waters,  and  spiritous  liquors.  Their  ingestion  results  in  part  from 
appetite  and  habit  rather  than  from  true  thirst.  The  role  of  age  and 
several  other  factors  will  be  discussed  later. 

Water  and  solid  food.  More  water  is  ingested  in  food  than  is  generally 
recognized.  In  an  ordinary  diet  as  much  as  a  liter  of  water  a  day  may 
be  taken  in  the  form  of  so-called  solid  foods,  taking  into  account  the 
water  contents  of  these  foods  and  also  the  water  resulting  from  their 
oxidation.  In  table  3  are  tabulated  a  number  of  so-called  solid  foods, 
their  percentage  of  water,  weight  of  average  servings,  and  their  caloric 
values.  From  this  table  has  been  purposely  omitted  all  food  such  as 
soups,  custards,  and  compotes  in  which  the  high  content  of  water  is 
generally  recognized.  The  number  of  foods  with  water  content  of 
more  than  50  per  cent  is  certainly  striking. 

The  distribution  of  food  in  nature  is  singularly  interesting.  In  the 
tropics,  where  the  loss  of  fluid  from  the  body  is  excessive,  foods  rich  in 
water  abound.  In  the  arctic  regions,  fat  constitutes  a  large  part  of  the 
diet  and  water  of  oxidation  plays  a  relatively  larger  part. 

Water  of  metabolism.  The  sources  of  water  of  metabolism  are  a,  oxida- 
tion of  organic  matter  in  intracellular  respiration;  and  b,  other  changes 
in  the  molecular  structure  of  substances  entering  into  the  composition 
of  cells  and  tissues,  such  as  syntheses,  concerned  in  the  building  up  of 
dextrose  into  cellulose  or  starch,  or  of  amino  acids  into  complex 
proteins. 

Magnus-Levy  calculated  the  amount  of  water  formed  in  the  oxidation 
of  foodstuffs  as  follows: 

100  grams  of  fat  give  107.1  grams  of  water 
100  grams  of  starch  give  55.5  grams  of  water 
100  grams  of  protein  give  41 .3  grams  of  water 
100  grams  of  alcohol  give  117.4  grams  of  water 

An  ordinary  mixed  diet  yields  in  the  neighborhood  of  300  grams  of 
water.     Magnus-Levy  stated  that  a  2000  calorie  diet  yields  approxi- 
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TABLE  3* 
Water  content  cbooe  50  per  cent 


Cucximbers 

Lettuce 

Wax  beans,  canned.. 

Celery 

Asparagus,  canned . . 

Tomatoes,  fresh 

Tomatoes,  canned... 
Brussels  sprouts, 

canned  

Beef  juice 

WTiey 

Water  melon 

Radishes 

Onions,  boiled 

Buttermilk 

Strawberries 

Spinach,  cooked 

Beet  greens,  cooked. 

Peaches 

Pineapple 

KoumiBS 

'Beets,  cooked 

Oysters,  solids. . .    . 

Squash,  canned 

Milk 

Oranges 

Egg  whites 

P«as,  canned 

Apple 

Boiled  oatmeal 


Pears. 

Haddock,  fi' 
Chun»,  aoluir 
PrunM.. 


a 

per 
cent 

o 

n 

is 

< 

grams 

u 

s 
2 

95.4 

50 

8.92 

94.7 

25 

4.9 

94.6 

100 

17.74 

94.5 

50 

9.48 

94.4 

100 

18.56 

94.3 

100 

23.4 

94.0 

100 

23.18 

93.7 

100 

21.02 

93.0 

100 

25.67 

93.0 

100 

27.39 

92.0 

100 

29.81 

91.8 

50 

15.02 

91.2 

100 

41.75 

91.0 

100 

36.63 

90.4 

100 

40  0 

89.8 

100 

22.06 

89.5 

100 

25.80 

89,4 

100 

42.34 

89.3 

100 

44  2 

89.3 

100 

53.15 

88.6 

100 

40  5 

88.3 

100 

50.2 

87.6 

100 

51  39 

87.0 

100 

71  23 

86.9 

100 

52.7 

86.2 

32 

17,0 

85.3 

100 

56.8 

84.6 

100 

64.57 

84.5 

100 

63,28 

84.4 

100 

64  0 

81.0 

100 

73  3 

80.8 

100 

75.0 

79,6 

100 

80.18 

Cod  steaks,  fresh 

Sraelts 

Lobster 

Lima  beans,  canned 
Macaroni,  cooked. . . 

Brook  trout 

Green  corn,  canned. 

Potatoes,  boiled 

Halibut 

Bananas 

Plums 

Cream,  18  per  cent. 

Mackerel 

Egg,  boiled 

Rice,  boiled 

Cottage  cheese 

Veal  leg 

Liver 

Sweet  breads 

Tongue 

Chicken,  white  meat 
Lamb  leg,  roast...    , 

Pork  tenderloin 

Salmon,  fresh 

Salmon,  canned 

Sirloin  steak 

Bologna , 

Turkey,  white  meat 
Pork  and  beef  sau- 
sage   , 

Sardines,  cannc<l. . . 

('onuvl  beef 

Hani,  boiled,  smoked 
Mutton  log,  roast, 


per 
cent 

79.7 
79.2 
79.2 
78.5 
78.4 
77.8 
76.1 

75.5 
75.4 
75.3 
74.5 
74.0 
73.4 
73.2 
72.5 
72.0 
71.7 
71.0 
70.9 
70.8 
70.3 
67.1 
66,5 
64  0 
6.'i,5 
61.9 
60  0 
58.5 

55.4 
52.3 
51 .8 
51.3 
60,9 


5^ 

a  a 


100 
100 
100 
100 
100 
100. 
100 

100 
100 
100 
100 
100 
100 

50 
100 

50 
100 
100 
100 
100 
100 
100 
100 
1(X) 
100 
100 
100 
100 

100 
100 
100 
100 
100 


81.32 
88.9 
83.98 
79.0 
91.03 
98.25 
100.52 

88.67 
124.62 
101.11 

82.0 
200.75 
142.7 

56.3 
112.45 

56.3 
147.24 
132.46 
191.41 
163.5 
158.57 
198.81 
198,39 
20<),24 
20S.47 
249.54 
240,35 
187.43 

303,67 
277,51 
276.16 
290  S4 
312,68 


*  Table  prepared  by  Mary  Foley,  dietitian  of  the  Mayo  Clinic. 
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mately  240  grams  and  a  4000  catorie  diet,  480  grams  of  water,  or  about 
12  grams  for  each  100  calories. 

Intracellular  metabolic  water  results  in  dilution  of  cell  contents, 
which  disturbs  the  osmotic  equilibrium  between  the  fluids  within  and 
without  the  cell,  which  occasions  movement  of  nutriments  by  osmosis 
to  these  centers  of  dilution  and  of  water  and  carbon  dioxid  in  the  oppo- 
site direction.*  As  a  result  the  water  of  metabolism  plays  a  unique  part 
and  one  that  cannot  be  duplicated  by  water  derived  from  outside  the 
cell.  This  holds  true  for  protoplasm  of  both  the  animal  and  the  vegetable 
kingdom.  Relatively,  the  water  of  metabolism  forms  a  large  percentage 
of  the  water  required  for  vital  processes  in  animals;  indeed  in  some 
animals  it  supplies  the  entire  need  of  the  economy  over  long  periods  of 
time.  In  animals,  also,  the  water  demand  for  the  excretion  of  wfiste 
products  is  large,  but  in  those  having  little  or  limited  access  to  water 
the  end  products  of  nitrogen  metabolism  appear  in  soUd  form,  that  is 
uric  acid,  which  is  relatively  non-toxic  and  the  hydrogen  content  of 
which  is  very  low.  In  many  of  these  animals  the  metabolism  is  such 
as  to  protect  them  to  the  uttermost  against  loss  of  water.  This  is  espe- 
cially striking  in  certain  animals  in  arid  districts,  serpents,  prairie 
dogs,  mice,  sheep,  birds,  and,  as  already  mentioned,  camels,  and  certain 
varieties  of  moths  (Babcock). 

Hibernation.  In  hibernation  animals  depend  for  long  periods  solely 
on  their  water  of  metabolism.  Well  nourished  and  well  padded  with 
fat,  they  enter  their  long  sleep.  Metabolism  proceeds  at  an  extremely 
low  level,  but  moisture  is  constantly  given  off  by  the  lungs.  The  fat 
furnishes  the  greater  part  of  the  water,  protein  metabolism  being  at  a 
minimum.  In  some  instances  the  thick  coat  of  fur,  close  quarters,  and 
low  temperature  usually  keep  water  loss  by  way  of  the  skin  at  the  lowest 
possible  level  (Babcock). 

The  nature  of  the  sensation  of  thirst.  Thirst  is  the  index  to  the  body 
need  of  water.  It  is  a  sensation  of  dryness  of  the  mouth  and  throat 
accompanied  by  a  desire  for  water.  It  develops  automatically  with 
the  need  of  furnishmg  the  fresh  supply  of  water  to  the  organism. 
Like  hunger  it  is  a  part  of  the  replenishing  mechanism  of  the  body,  and 
like  hunger  it  has  been  the  subject  of  considerable  physiologic  investi- 
gation. Hunger  and  thirst  must  be  distinguished  from  appetite,  which 
develops  as  the  result  of  habits  in  eating  and  drinking. 

*  This  view  which  has  been  presented  among  others,  for  instance  by  Babcock, 
presupposes  the  presence  of  cell  membranes. 
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No  doubt  exists  concerning  a,  the  reference  of  thirst  sensation  to  the 
mucous  membrane  of  the  mouth,  pharj^nx,  root  of  the  tongue,  and 
palate;  or  b,  the  scantiness  and  stickiness  of  sahva  and  mucous  in  the 
mouth  during  thirst.  The  latter  has  been  emphasized  strikingly  by 
King,  a  medical  officer  who  studied  a  troop  of  cavalry  which  was  lost 
for  85  days  without  water  in  the  torrid  "Llano  Estacado"  in  Texas. 
He  states  that  long  before  the  third  day  salivary  mucous  secretions  had 
disappeared  from  the  mouth  and  that  *'  brown  sugar  would  not  dissolve 
in  the  mouth." 

Dryness  of  the  mouth  may  result  from  local  or  general  causes. 
Among  the  local  causes  are  breathing  hot  dry  air,  prolonged  speaking 
and  prolonged  chewing  of  dry  food.  In  public  speaking  or  singing, 
fear  may  constitute  an  additional  factor. 

The  general  causes  include  factors  reducing  the  general  fluid  content 
of  the  body  through  excessive  loss  resulting  from  profuse  sweating, 
diarrhea,  polyuria,  lactation  or  from  hemorrhage  and  shock.  Two 
rival  theories  of  thirst  have  arisen;  one  ascribes  it  to  a  local  sensation 
and  the  other  to  a  general  sensation  or  tissue  thirst. 

The  chief  argument  favoring  local  sensation  is  the  abolition  of  thirst 
by  the  appUcation  of  local  anesthetics  to  the  mucous  membrane  of  the 
mouth  and  throat  in  diabetes  insipidus  (Lepidi-Chioti  and  Fubini)  and 
in  dogs  (Valenti).  Against  this,  Wassilief  has  argued  that  swallowing 
is  made  difficult  or  impossible  by  local  anesthesia,  which  in  turn  is 
denied  by  Valenti.  In  arguing  against  it  we  might  also  refer  to  our 
own  cxptirience  in  which  the  local  appUcation  of  cocaine,  pushed  in  one 
case  to  the  point  of  constitutional  toxicity,  failed  to  decrease  the  water 
intake  in  diabetes  insipidus.  In  its  favor  we  might  suggest  that  the  sen- 
sation of  hunger  has  been  proved  to  be  local  in  origin  and  that  the  sensa- 
tions attending  bowel  and  bladder  distention  are  also  local  in  character. 

The  view  that  thirst  is  a  general  sensation  is  stated  by  Schiff:  "It 
ariw^H  from  a  lessened  water  content  of  the  body,  a  condition  from  which 
the  whole  Ixxly  suffers.  The  local  reference  to  the  pharynx,  like  the 
local  reference  of  hunger  to  the  stomach,  is  due  to  association  of 
experienctw.  Thus  the  feeling  of  dryness  in  the  mouth,  althougli  it 
acconipanieH  thirst,  has  only  the  value  of  a  secondary  phenomenon, 
and  iK'ars  no  deeper  relation  to  the  gonenil  sensation  than  Ihe  heaviness 
of  the  eyes  Iwors  to  the  general  sensation  of  sleepiness." 

The  evidence  on  which  the  theory  of  general  sensation  is  based  con- 
nwin  of  a,  the  ulK)!ition  of  thirst  in  dogs  through  tlie  injection  of  water 
into  the  veins  (l)iipuytren,  Orfihi);  and  in  a  i)atient  sulTcring  from 
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hydrophobia  (Magendie);  b,  the  striking  thirst  and  the  failure  of  in- 
gested water  to  reUeve  it  in  dogs  with  open  gastric  fistulas,  an  experi- 
ment devised  by  Claude  Bernard.  He  says,  "As  the  animal  became 
thirsty,  it  would  drink  until  fatigued,  and  when  rested  it  would  begin 
again;  but  after  the  fistula  was  closed,  drinking  quickly  assuaged  the 
desire  for  water;"  c,  dogs  continue  to  drink  water  after  the  section  of 
the  glossopharyngeal,  lingual,  and  vagus  nerves  on  both  sides  (Longet) ; 
and  d,  increase  in  osmotic  pressure  occurs  in  thirst  as  indicated  by  the 
freezing  point  in  conditions  naturally  accompanied  by  thirst  (Mayer). 

According  to  Cannon  these  findings  do  not  necessarily  indicate  that 
the  sensation  of  thirst  is  general.  Each  is  capable  of  interpretation 
other  than  that  suggested  by  the  investigator,  thus:  a,  the  abolition  of 
thirst  by  parenteral  administration  of  water  may  result  in  more  copious 
secretion  of  saliva  which,  acting  locally,  relieves  thirst;  b,  Bernard's 
interpretation  has  been  challenged  by  Voit,  who  points  out  that  the 
drinking  of  water  under  these  conditions  moistens  the  throat  only 
temporarily  and  does  not  compensate  for  decreased  salivary  secretion 
resulting  from  depletion  of  the  body  of  water;  c,  the  continuous  drinking 
after  section  of  the  nerves  to  the  mouth  may  be  due  to  habit  or  appetite, 
even  if  all  the  branches  of  the  nerves  are  severed,  which  is  usually  not  the 
case  (Voit);  and  d,  increase  in  osmotic  pressure  in  thirst  does  not  arise 
until  after  two  or  three  days  of  water  deprivation,  at  which  time  animals 
with  slightly  hypertonic  blood  will  drink  salt  solutions  with  apparent 
relief,  while  dogs  with  markedly  hypertonic  blood  drink  hypertonic 
salt  solution  repeatedly  without  relief  (Wettendorff) . 

Cannon  believes  that  "in  each  condition  a  general  bodily  need  has 
arisen  from  a  lack  of  essential  bodily  material  and  is  signaled  by  a 
well-defined  thirst.  In  each  the  testimony  of  ingenious  pei-sons  regard- 
ing their  feelings  has  been  carefully  set  down  and  then  explained  away." 
He  calls  attention  to  the  fact  that  animals  living  on  land  have  special 
buccal  glands,  while  those  living  in  water  do  not,  and  cites  the  work  of 
Bidder  and  Schmidt  in  which,  following  the  ligation  of  all  the  salivary 
ducts,  the  animals  were  always  eager  for  water.  He  further  relates 
personal  experiences:  a,  mouth  breathing  resulting  in  sensation  of 
dryness;  b,  the  influence  of  prolonged  water  restriction  decreasing  the 
salivary  output  and  its  immediate  increase  following  water  ingestion; 
and  c,  the  decrease  in  salivary  secretion  following  the  loss  of  500  cc.  of 
body  fluid  as  sweat.  In  each  instance  the  relation  between  the  decrease 
of  salivary  flow  and  the  sensation  of  thirst  was  quite  clear. 
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Thirst,  according  to  Cannon,  is  a  local  sensation  resulting  from  local 
dr3Tiess  of  buccal  and  mucous  membrane,  due  to  a  decrease  of  the 
secretions  from  the  salivaiy  glands  which  in  turn  is  dependent  on  dim- 
inished supply  of  fluid  furnished  these  glands  by  the  body  because  of 
its  depletion  \p  \\Sitcr.  Lack  of  water  secreted  by  the  salivary  glands 
is  the  cause  of  the  local  sensation  of  thirst,  and  thirst  indicates  the  need 
of  replenishment  of  fluid  in  the  body. 

R6le  of  water  in  the  organism.  Intermediate  water  exchamje. 
Only  one  phase  of  this  subject  is  presented  by  way  of  illustration. 
Much  fluid  after  absorption  finds  its  way  back  into  the  alimentary 
tract.  In  fact,  the  quantity  entering  the  intestines  as  digestive  fluids, 
far  exceeds  that  taken  by  mouth. 

The  amount  of  these  secretions  is  large.  An  approximation  of  the 
daily  excretions  in  a  man  of  average  size  is  shown  in  table  4. 

table  4 


SECRETIONS 

AMOUNT 

SPECIFIC  GRAVITY 

AUTHORITY 

Saliva 

ec. 

1500 

2000  to  3000 
300  to  500 
500  to    800 

3000 

1.002 

1.006  to  1.014 
1.026  (?) 
1 .0075 

Bidder  and  Schmidt 

Gastric  juice 

Bile 

Bidder  and  Schmidt 
Pfaff  and  Balch 

Pancreatic  juice  — 
Succus  Intericus — 

Wohlgemuth 
Pregl 

From  this  it  appears  that  the  amount  of  fluid  excreted  into  the  intestine 
daily  is  from  7,500  to  10,000  cc.  or  from  two  to  three  times  the  amount 
of  fluid  ordinarily  ingested  by  mouth  and  from  three  to  four  times  the 
amount  ordinarily  excreted  as  urine  or  about  twice  as  much  as  the  total 
volume  of  the  blood. 

A«  the  contents  of  the  intestine  pass  downward,  reabsorption  of 
fluid  tak<'H  place,  the  amount  remaining  in  the  feces  rarely  exceeding 
200  cc.  each  day. 

Although  con.siderabh;  is  known  concerning  the  influence  of  certain 
factors  on  the  amount  and  composition  of  these  various  digestive  fluids, 
the  subject  will  not  be  di.ycusscd  here.* 

Water  and  heat  regulation.  Water  regulates  the  temperature  of  the 
enviroMin<'rit  and  the  organism.  This  is  made  possible  through  its 
unique  thermai  fjropcrties.     The  Hix'cific  heat  of  water  is  the  highest 

*  According  to  .VlHthcwH,  the  duodenum  excretes  n  largo  quantity  of  an  alkaline 
AlbuminouM  juiro,  TA)  en.  being  collected  in  one  oxperimont  within  2  hours  in  a 
dog  weighing  fi  kgm. 
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known  for  any  substance,  solid  or  liquid,  with  one  exception.  The 
latent  heat  ,of_yajgOriza±ian  of  water  is  the  highest  known,  while  the 
latent  heat  of  cooling,  is  next  only  to  that  oLammonia.  The  latent  heat 
of  vaporization  is  of  universal  significance  in  relation  to  dissipation  of 
body  heat  because  evaporation  occurs  at  all  temperatures.  The  amount 
of  vapor  that  air  can  hold  when  in  contact  with  liquid  is  variable,  is 
dependent  on  temperature  and  pressure,  and  is  greatest  for  fluids  whose 
latent  heat  of  vaporization  is  greatest.  Consequently  more  water  can 
vaporize  than  any  other  substance.  Heat  conduction  of  water,  although 
low  as  compared  with  that  of  some  metals,  is  yet  the  greatest  known  for 
any  liquid.  Hence  water  serves  best  of  all  liquids  in  heat  conduction 
in  and  away  from  the  body.  It  is  the  most  ideal  buffer  for  heat  in 
existence,  that  is,  it  exerts  unparalleled  resistance  to  heat  or  cold  before 
changing  its  temperature  or  its  physical  state,  while  in  addition  its  high 
latent  heat  of  vaporization  is  of  constant  value  to  the  organism  in  the 
dissipation  of  heat. 

Water,  by  virtue  of  mobility  is  readily  shifted  so  as  to  meet  the  con- 
stantly changing  needs  in  relation  to  heat  regulation  in  the  body.  By 
virtue  of  its  stability,  it  places  its  thermal  properties  at  the  disposal 
of  the  organism  for  this  important  function.  Besides,  of  all  liquids,  it 
is  the  most  available. 

Water,  then,  regulates  heat  distribution  and  dissipation  through 
its  mobility  and  its  ideal  thermal  properties:  a,  high  specific  heat,  which 
favors  storage;  b,  high  caloric  demands  for  its  evaporation,  which 
permit  a  rapkl^limination  of  heat;  and  c,  high  heat  eonductivitj'  which 
provides  rapid  equalization  of  heat  within  the  tissues  of  the  body 
(Barbour).     The  regulating  niechanisms  in  regard  to  its  dissipation  are: 

1,  the  vasoconstrictor  center  and  the  vasoconstrictor  fibers  in  the  skin; 

2,  sweat  and  the  sweat  centers  and  nerves;  and  3,  the  respiratory  center.  > 
The  nervous  mechanism  is  responsible  for  the  mammal  being  homeo- 
thermic  rather  than  poikilothermic,  and  destruction  of  this  mechanism 
results  in  its  conversion  from  the  former  into  the  latter  state. 

Physico-chemical  properties  of  water.  No  less  unusual  and  important 
than  the  thermal  properties  of  water  are  those  dealing  with  physical 
and  chemical  processes  which  take  place  when  other  substances  are 
brought  into  contact  with  it;  processes  involving  solvent  power,  ioniza- 
tion, hydration,  imbibition,  and  surface  tension.  By  virtue  of  its  dis- 
sociating power  water  may  acquire  catalytic  activity.  It  is  very 
questionable  whether  water  ever  exists  in  the  organism  as  such;  it  is 
present  in  the  form  of  a  complex  salt  solution  and  as  such  conducts 
electricity  and  does  not  act  as  an  insulator  as  would  free  water. 
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Solvent  properties.  In  the  organism  water  is  the  universal  solvent,  but 
even  the  process  of  solution  of  one  salt  in  water  is  not  entirely  clear. 
However,  it  is  evident  that  dissociation  occurs  and  that  in  solution  the 
molecules  of  a  substance  ai-e  free  to  manifest  the  effect  of  energy  due 
to  their  movements.  The  process  of  solution  is  one  of  dispersion, 
similar  in  kind  to  that  occuring  in  colloid  solutions  but  differing  as  to 
the  degree  of  subdivision  and  fineness  of  the  dispersoids. 

When  one  considers  the  number  and  character  of  electrolytes,  non- 
electrolytes,  colloids,  and  gases  occurring  in  the  blood  and  urine,  the 
solvent  action  of  water  becomes  apparent.  Although  all  these  sub- 
stances are  freely  soluble  in  water,  the  majority  of  them  are  not  soluble 
in  other  liquids,  not  even  in  alcohol. 

The  water  content  of  the  tissues.  Speaking  generallj'',  the  amount  of 
water  in  the  body  is  fairly  constant.  It  varies  somewhat  with  age. 
The  fetus  contains  a  great  deal  of  water;  the  younger  the  fetus,  the 
more  the  water  (Fehling) .  At  birth  the  amount  of  water  in  the  organ- 
ism is  relatively  small  to  judge  from  the  water  content  of  the  blood. 
It  increases  at  about  six  months  at  which  time  aging  begins  (Lederer). 
In  old  age  the  tissues  are  tough  and  appear  to  be  dry,  but  according  to 
Ranke,  the  water  content  is  increased  to  81.2  to  84.8  per  cent  instead 
of  75  to  80  per  cent. 

Fat  alters  the  percentage  content  of  water  in  the  body,  "generally 
about  twenty  to  twenty-two  parts  of  protein  are  soaked  in  and  swollen 
with  seventy-eight  to  eighty  parts  (four  times  as  much)  water.  Fat 
enters  into  the  interstices  of  the  protoplasm  as  a  dry  and  waterless  mass, 
neither  driving  water  out  from  the  tissues  nor  bringing  it  in  to  them" 
(Magnus-Levy). 

Engels  has  studied  the  water  depots  of  the  body  following  intravenous 
injection  of  salt  solution.  He  found  that  all  the  tissues  except  bone 
became  more  watery.  The  muscles,  skin,  and  kidneys  take  up  the 
greater  amount  of  water,  increasing  th(M*r  percentage  content  of  water 
3.86,  3.23,  and  3.83,  respectively.  The  muscles  representing  40  per 
cent  of  the  bo<ly  weight  take  up  more  than  two-thirds  of  any  addcnl 
water,  hut  continue  to  act  normally  in  spite  of  the  added  moisture. 

The  hUUv  ofwnlir  in  the  orgnnism.  Water  exists  in  t  ii(>  organism  mainly 
Ma  salt  Holiition,  as  the  liquid  phase  of  colloidal  solution,  and  ha  water 
of  hydration.  It  in  of  vital  importance  since  its  proiHTties  and  those  of 
the  cell  (ietennine  the  amount  of  the  various  substances  present  and 
their  exchange.  The  turgor  of  cells  is  d<'|x>n<lent  on  their  water  content 
which  in  turn  is  (|e|)4«inient  on  osmoti<!  prcHsm-c  or  the  hy<lra<ion  capac- 
ity of  the  protopluMin  itself. 
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The  crystalloids  in  the  saline  solution  of  the  body  exist  in  rather  fixed 
concentration  as  is  represented  in  Ringer's  solution:  sodium  chlorid 
0.7  per  cent,  potassium  chlorid  0.03  per  cent,  and  calcium  chlorid  0.025 
per  cent.  Locke's  solution  contains  in  addition  sodium  bicarbonate 
0.01  to  0.03  per  cent  and  glucose  0.1  per  cent.  Locke's  solution  ap- 
proaches in  composition  deproteinized  plasma  and  contains  both 
electrolytes  and  nonelectrolytes. 

Blood  plasma  is  composed  of  water  and  salts,  as  in  Locke's  solution, 
and  in  addition  proteins,  as  serum  albumin,  serum  globulin,  and  fibrin- 
ogen, gases,  metabolites,  enzymes,  and  special  substances  such  as 
hormones,  and  so  forth.  Of  the  proteins  the  albumin  forms  somewhat 
more  than  50  per  cent,  globulin  somewhat  less  than  50  per  cent,  and 
fibrinogen  from  5  to  10  per  cent. 

Water  and  protoplasm.  For  want  of  space,  water  and  protoplasm 
and  water  as  a  medium  of  transportation  will  not  be  discussed. 

Water  as  a  lubricant.  In  most  mechanical  devices  involving  motion, 
lubrication  is  necessary.  Numerous  surfaces  in  the  organism  are  sub- 
ject to  more  or  less  constant  friction,  which  would  result  in  irritation 
were  it  not  for  lubrication.  Thus  moisture  prevents  the  serious  con- 
sequences of  friction  in  the  pleurae,  peritoneum,  joints,  and  eyes.  In 
the  body  all  surfaces  subject  to  friction  automatically  control  their  own 
lubrication  through  the  excretion  of  fluid  on  the  surface  involved.  In 
most  instances  water  plays  the  major  part. 

Water  output.  Factors  determining  the  relative  loss  of  water  hy 
various  channels.  The  total  output  of  water  is  determined  by  the  total 
intake.  The  relative  output  by  the  various  channels  differs  widely 
in  different  individuals  and  in  the  same  individual  under  varjdng  con- 
ditions. An  illustrative  water  balance  from  DuBois  has  already  been 
presented.  Careful  studies  have  also  been  made  by  Atwater  and 
Benedict,  and  others. 

The  human  organism  as  compared  to  animals  varies  greatly  in  its 
responses  to  stimuli,  partially  because  of  differences  in  reactivity. 
It  is  a  matter  of  common  experience  to  find  one  patient  with  sweat 
literally  dripping  down  the  sides,  while  the  skin  of  another  patient, 
examined  under  identical  environmental  conditions,  remains  entirely 
free  from  moisture.  With  some  persons  public  speaking  is  accom- 
panied by  marked  dryness  of  the  respiratory  passages,  while  with  others 
no  difficulty  of  this  kind  is  encountered.  Pol3airia  results  from  nervous 
tension  in  some  individuals,  while  others  under  the  same  external 
conditions,  do  not  experience  it.     Thus  many  imponderable  influences 
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play  a  part  in  water  exchange  and  in  water  retention  in  the  bod3^ 
"And  some,  when  the  bag  pipes  sing  in  the  nose,  can  scarce  contain 
their  urine." 

Since  so  many  factors  plaj^  a  part  in  determining  the  elimination  of 
water  by  each  channel,  no  hard  and  fast  rules  can  be  laid  down  as  to 
the  relative  amount  of  water  excreted  by  each.  Some  of  the  more 
important  factors  affecting  these  losses  will  be  discussed  separately  in 
some  detail. 

•  Attention  might  be  called  to  the  fact  that  the  amount  of  water  lost 
by  the  feces  is  the  smallest  and  ordinarily  subject  to  least  change,  while 
the  amounts  lost  by  the  kidneys  and  skin  are  greatest  and  subject  to 
the  greatest  variations.  Roughly  speaking,  the  amount  of  fluid  lost 
by  these  channels  tends  to  vary  inversely,  other  things  being  equal. 

Heat  is  lost  to  the  organism  through  a,  urine,  feces  and  saliva,  which 
are  expelled  at  body  temperature;  b,  expired  air  (air  enters  the  body 

TABLE  5 


CBANNEI.8 


Urine  and  feces 

Expired  air  in  warming 

Vaporization  of  water  from  lungs. . . 

Evaporation  from  skin 

Radiation  and  conduction  from  skin 


PBR  CE^fT 

CALORIES 

1.8 

48.0 

3.5 

8.4 

7.2 

18.2 

14.2 

36.4 

73.0 

1792.0 

at  environmental  temperature  and  humidity  and  leaves  it.  saturated 
and  at  a  higher  temp<^rature);  c,  evaporation  from  the  skin  of  sweat 
and  invisible  perspiration;  and  d,  radiation  and  conduction  from  the 
skin.  Und(!r  certain  conditions  heal  loss  occui-s  almost  entirely  (98 
per  cent)  by  way  of  the  skin  as  may  be  seen  in  table  5. 

In  the  calorimeter  24  per  cent  of  the  total  heat  production  oidin.uily 
is  loHt  by  vaiK)nition.  As  environmentiil  temixMature  incretuscs  and 
conduction  and  radiation  U'come  insiilficient,  the  evaporation  of  water 
18  of  ever  incroafiinfc  importance.  At  ST^C.  heat  loss  is  cflfected  en- 
tirely through  vaporization.  The  factors  usually  affecting  li<>at  dis- 
sipation are:  climatic  conditions;  environmental  tempcratur*',  relntive 
humidity  and  winds;  rate  of  metabolism  and  clothing.  Heat  loss  is  a 
surface  phenomenon  and  the  amount  of  heat  reaching  the  surfaces  is 
the  fundarnenlul  factor.  Heat  is  brought  to  tlu-  surface  by  blood, 
that  is,  water.  The  cutaneous  factors  are:  the  emisHiv<>  powers  of 
the  surface;  the  evaporatior)  of  the  surface;  and  velocity  of  trans- 
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portation  of  heat  to  the  surface  depending  on  the  conductivity  of 
tissues  and  the  speed  of  cutaneous  circulation  (Hill).  Here,  we  are 
concerned  with  heat  dissipation  only  in  so  far  as  loss  of  water  enters 
into  consideration. 

Water  elimination  by  skin  and  respiratory  tract.  Most  of  the  determina- 
tions of  water  loss  through  the  skin  and  respiratory  tract  have  been 
made  under  what  might  be  considered  standard  conditions,  that  is, 
fasting  at  average  mean  temperature  and  humidity  with  approximately 
the  same  amount  of  clothing.  As  early  as  1866,  Pettenkofer  and  Voit 
showed  that  daily  water  elimination  by  these  channels  in  a  fasting  man 
reached  as  high  as  829  gm.  This  has  been  abundantly  corroborated  by 
the  work  of  Rubner,  Schewenkenbecher,  Wolpert,  Sudovyen,  Benedict 
and  Carpenter,  and  DuBois.  Wolpert  found  that  the  hourly  production 
of  water  vapor  calculated  to  a  uniform  body  weight  of  70  kgm.  varied 
from  30.9  to  70.9  grams;  the  seven  subjects  vaporized  from  56  to  60 

TABLE  6 


WEIGHT 

WATER 

ELIMINATED 

EACH  DAY 

CALORIES 

LOST  IN 

EVAPORATION 

Man 

gm. 
70,000  , 
30,000 
4,000 
550 

kg. 

12.6 
12.2 
11.5 
11.3 

per  cent 

22  0 

Dog 1 

Guinea  pig 

20.0 
9.0 
G  5 

grams  of  water  each  hour  at  a  temperature  of  18°C.  with  a  relative 
humidity  of  from  35  to  60  per  cent.  Under  extreme  conditions  the 
hourly  loss  may  be  increased  to  as  much  as  1  kgm. 

Rubner,  utiUzing  a  Pettenkofer- Voit  chamber,  discovered  that  water 
ehmination  is  proportional  to  body  weight  and  not  to  body  surface, 
that  variations  in  humidity  do  not  affect  heat  production,  and  that  an 
increase  in  moisture  in  the  air  decreases  the  heat  lost  by  evaporation 
but  correspondingly  increases  that  lost  through  radiation  and  conduc- 
tion. 

The  relation  of  body  weight  to  water  elimination  is  illustrated  in 
Rubner's  table.     (Table  6.) 

The  most  comprehensive  study  of  the  question  has  been  made  by 
Benedict  and  Carpenter  utilizing  an  Atwater-Rosa  calorimeter.  They 
found  that  "the  average  for  158  days,  covering  2150  hours,  shows  that 
the  insensible  perspiration  of  several  healthy  men,  sitting,  lying  asleep 
or  awake,  or  engaged  in  minor  activities,  is  approximately  40  grams  an 
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hour."  Soderstrom  and  DuBois  utilizing  the  Sage  calorimeter  found 
that  normal  men  between  the  ages  of  20  and  50  years  excrete  on  an 
average  of  29  grams  of  water  an  hour,  about  700  grams  each  day,  and 
state  that  few  men  depart  more  than  one-tenth  from  this  amount  under 
standard  conditions.  As  a  rule  the  proportion  of  water  lost  by  the 
lungs  is  smaller  than  that  by  the  skin. 

Methods  of  determining  the  elimination.  The  amount  of  water  lost  by 
way  of  the  skin  and  respiratory  tract  is  difficult  to  determine  accurately. 
It  can  be  estimated  approximately  by  taking  into  consideration  the 
daily  weight  of  the  body  and  the  amount  of  material  ingested  and 
excreted,  as  was  done  in  the  beginning  of  the  seventeenth  century  by 
Sanctorius  and  in  the  twentieth  by  Lombard.  However,  the  best  results 
are  obtained  through  the  use  of  the  direct  calorimeter  constructed  with 
a  view  of  determining  water  lost  by  vaporization.  Through  establish- 
ing an  air  current  and  determining  the  amount  of  air  circulating  in  the 
system  and  its  water  content  on  entering  and  leaving,  the  water  of 
vaporization  can  be  determined. 

But  even  with  such  facilities  the  error  in  determining  the  loss  of  fluid 
by  evaporation  is  large,  at  times,  and  al)solute  accuracy  is  rarely  attained. 
For  the  Sage  calorimeter,  which  is  especially  well  adapted  for  work  of 
this  kind,  the  error  is  probably  plus  or  minus  3  per  cent.  Control 
experiments  such  as  those  carried  out  by  DuBois,  in  which  alcohol 
checks  were  employed  along  with  the  dripping  of  known  amounts  of 
water,  showed  the  average  error  in  determining  the  water  of  vaporiza- 
tion to  be  as  high  as  6.7  per  cent.  DuBois  says  it  is  doubtful  if  the 
determination  is  much  more  than  10  per  cent  accurate  under  ordinary 
conditions.  For  determining  the  water  lost  by  the  respiratory  tract  a 
hood  was  devised  by  Zuntz;  and  for  that  lost  by  skin,  cabinets  and  cham- 
bers enclosing  the  entire  body  to  the  chin  are  utilized  (Rubner  and 
Nuttall).  In  the  study  of  the  loss  of  water  from  localized  areas,  small 
air  chambers  have  been  attaclied  locally  to  the  surface'  of  the  skin. 

Factors  affecting  water  lost  by  lungs  and  akin  {climatic  conditions). 
Climatic  conditions  are  of  paramount  importance  and  involve  factors 
of  temiK'ratmc,  relative  humidity,  vapor  tension,  air  currents,  radiant 
beat,  HeaHf)ns,  day  and  night,  and  clothing.  These  factors  may  act 
independently  or  collectively,  in  unison  or  opposition,  proportionately 
or  (liNproiK>rtionately.  Such  a  coinl)inatJon  precludes  prognostica- 
tion in  any  given  ciih(!  and  neceHsitates  actual  determination  of  water 
loHH.  S<?pttrate  eoiLsideration  of  the  nature  of  tlu*  influence  will  be 
given  each  of  tlieHe  factors. 
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Temperature.  Other  things  being  equal,  the  higher  the  environmental 
temperature,  the  greater  the  loss  of  water  by  evaporation.  The  capac- 
ity of  air  for  holding  water  vapor  increases  with  the  temperature.® 

Temperature  of  air,  °C.  -1    4.5      10.0    16.0    21.0    26.5    32.5    38.0 
Maximum  weight  of 

water  absorbed  by  the 

air,  grains  for  each 

cubic  foot 1.94    2.85      4.08    5.75    7.98  10.9    14.7    19.7 

Rubner  studied  the  water  vaporized  by  animals  and  found  that  water 
elimination  in  guinea  pigs  increased  as  the  temperature  of  the  air  was 
raised  above  15°C.  and  in  dogs  it  increased  with  temperatures  above 
7°C.  As  the  temperature  increases,  increased  rate  of  respiration  devel- 
ops. In  dogs  panting  is  especially  marked  in  hot  weather.  Under 
ordinary  conditions  in  man  sweating  begins  in  the  neighborhood  of  a 
temperature  of  37°C:  Sweating  may  cease  in  extreme  heat  and  heat 
stroke  is  then  imminent. 

Temperature  and  humidity.  Rubner  made  a  careful  investigation  of 
water  loss  in  both  man  and  animals.  He  found  that  animals  give  off 
more  water  in  dry  than  in  moist  air,  an  increase  of  from  200  to  300  per 
cent,  accompanying  a  decrease  of  relative  humidity  from  69  to  31  per 
cent.  In  a  man  in  the  chamber,  Rubner  found  the  water  given  off  from 
lungs  and  skin  to  be: 


WATER  ABSORBED  BY  DRY  AIR 

WATER  ABSORBED  BY  MOIST  AIR 

TEMPERATURE 

Lungs 

Skin 

Lungs 

Skin 

'C. 

um. 

ym. 

gm. 

gm. 

15 

16.8 

9.5 

9.0 

20 

17.0 

37.1 

11.7 

3.6 

25 

18.4 

57.0 

10.9 

13.0 

Benedict  and  Carpenter  also  studied  the  effect  of  relative  humidity. 
They  found  that  at  a  humidity  of  30  per  cent,  60  grams  of  insensible 
perspiration  were  lost,  at  50  per  cent,  26  grams,  and  in  one  individual 
studied  over  a  period  of  27  days,  there  were  variations  from  23  to  35 
grams. 

Lyon  has  determined  that  the  average  evaporation  from  lungs  and 
skin  of  a  large  laboratory  class,  when  the  temperature  was  below  zero 

^  One  cubic  meter  of  air  saturated  with  water  vapor  at  37°C.  contains  43.465 
grams  of  water  (Smithsonian  table). 
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outside  and  70°F.  inside,  was  in  the  neighborhood  of  60  grams  an  hour 
for  each  person,  or  about  1364  grams  a  day. 

Air  currents.  The  movement  of  air  is  also  a  potent  factor  in  evapora- 
tion of  water  from  the  body.  Ordinarily  it  plays  an  important  part 
under  conditions  of  the  natural  outside  environment.  Wolpert  found 
that  when  the  air  temperature  was  between  15  and  3o°C.,  the  wind 
from  a  fan  diminished  the  water  loss  from  the  body;  above  and  below 
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Fig.  1.  After  Ilubner  and  I.ewschew.  To  show  the  relation  of  the  loss  of 
water  in  the  form  of  vapor  to  tcmperuture  and  to  air  moisture.  The  numerals 
along  the  huso  indicate  the  degree  of  air  moisture.  The  verticals  represent  the 
water  vapor  Iohs  in  gramn. 

these   temperatures,   it  increased   the   evaporation.     It.s  influence   is 

intimately  connected  with  evaporation,  temperature,  and  humidity.' 

According  to  Hill,  it  apfK'urs  thai  the  relative  huini(liti(>s  around  35 

per  cent  are  at  letLst  more  comfortable  than  cilluT  the  cxtn'mc  (hyiicss 

'  Hinoe  at  eaeh  air  temperature  above  hlood  heat  the  Ixxlily  Rain  of  heat  from 
the  air  by  conduction  incroaacfl  aa  the  Htrength  of  the  wind  increaHOR,  and  since 
the  human  body  cannot  perHpiro  above  u  certain  tiiaximum  rate,  there  must,  at 
Iraat  on  throrotirnl  groundn,  be  a  certain  correH|)on<ling  critical  value  f»f  the  wind 
volcxsity  which  if  exceeded  muut  produce  a  net  gain  of  heat  to  Dw  body.    The 
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or  the  50  per  cent  humidity,  which  feels  quite  moist.  The  influence  of 
temperature  and  vapor  pressure  on  the  amount  of  water  vaporized  from 
the  skin  is  illustrated  graphically  in  the  chart  taken  from  Rubner  and 
Lewschew. 

Day  and  night.  Day  and  night  are  accompanied  by  marked  changes  in 
the  atmosphere.  The  temperature  changes  are  matters  of  common 
knowledge.  Relative  humidity  is  subject  to  variations  just  as  striking. 
Rubner  quotes  some  figures  showing  humidity  changes  by  day  and 
night  in  Vienna.  Thus  in  winter  the  relative  humidity  at  midday  was 
75  per  cent,  at  midnight  95  per  cent;  in  summer  at  midday  49  per  cent, 
and  at  6  a.m.,  77  per  cent.  Season  also  has  a  marked  effect,  the  average 
humidity  for  January  being  84  per  cent  and  for  April  and  July  63  per 
cent. 

Effect  of  food  and  fasting.  The  ingestion  of  food  increases  the  water 
output  especially  at  high  temperature.  Rubner  found  that  when  dogs 
were  given  meat,  the  water  elimination  was  not  affected  when  the 
environmental  temperature  was  low  but  that  water  eUmination  was 
increased  markedly  when  the  air  was  warm.  The  specific  dynamic 
action  of  food  unquestionably  plays  a  part. 

Benedict  and  Carpenter  have  shown  that  a  change  from  a  diet,  poor  in 
carbohydrate  to  one  ricjiJnj^a£bohj^drate  is  accom^^  increase 

in  weight  and  by  considerable  retention  of  water  by  the  body  tissues. 
Conversely,  a  change  to  a  diet  poor  in  carbohydrate  but  rich  in  fat  is 
accompanied  by  loss  of  water  from  the  body.  With  the  caloric  intake 
approximately  the  same  on  a  diet  rich  in  carbohydrate,  there  was  an 
average  gain  of  88  grams  of  water  a  day,  while  in  the  same  subject  on  a 
diet  high  in  fat  and  low  in  carbohydrate,  there  was  an  average  loss  of 
906  grams  of  water  a  day.  This  offers  a  fertile  field  for  further  in- 
vestigation. 

Benedict  found  that  the  greatest  output  of  water  vapor  occurred 
during  the  waking  hours  but  failed  to  find  any  increase  as  the  result  of  the 

less  the  temperature  of  the  air  exceeds  body  temperature,  the  higher  will  be  the 
critical  wind  velocity  (Hill).    ' 

It  has  been  shown  that  at  an  air  temperature  of  45°C.  and  relative  humidity 
of  40  per  cent,  a  wind  of  9  meters  per  second  results  in  warming,  while  in  a  calm 
cooling  occurs. 

Huntington  has  discussed  climate  in  relation  to  efficiency. 

The  kata  thermometer  will  probably  play  a  considerable  role  in  future  in- 
vestigations of  the  factors. 

Acclimatization  or  training  is  an  important  factor  in  withstanding  the  effects 
of  the  tropical  sun  (Shaklee). 
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ingestion  of  water.  As  a  rule  water  lost  by  the  lungs  was  somewhat 
less  than  that  from  the  skin.  Benedict  and  Carpenter  have  findings 
in  investigations  extending  over  long  periods  of  fasting  and  have  cal- 
culated the  water  vaporized  from  the  lungs  as  amounting  to  9.6  and 
10.7  grams  each  hour  and  as  40  to  65  per  cent  of  the  total  amount 
vaporized . 


DAT  OF  FAST 

REI.ATITE  H0M1D1TY 

TOTAL  WATER  VAPOHIZED 

1  to    3 
17  to  20 
27  to  30 

per  cent 
52  to  63 

39 
42  to  49 

grants 

23.29 
15.16 
18.20 

Laschtschenko  showed  that  there  was  no  increased  loss  of  water  by 
the  skin  and  lungs  following  the  drinking  of  water  up  to  2  liters. 

Exercise.  Light  exercise  in  cool  weather  has  but  a  slight  influence,  but 
hard  work  in  hot  weather  increases  the  loss  tremendously.  Benedict 
and  Carpenter  found  that  with  average  muscular  activity  there  was  a 
variation  from  140  to  276  grams  each  hour,  while  at  rest  under  the  same 
environmental  conditions  the  output  was  from  23  to  79  grams  each 
hour.  Obesity  tends  toward  a  greater  loss  of  water  during  work 
(Schattenfroh). 

Wolpert  found  that  a  man  at  rest  in  still  air  at  21°C.,  evaporated 
42  grams  of  water  an  hour,  giving  a  minimal  evaporative  heat  loss  of 
576  calories  a  day.  While  working  at  the  rate  of  15,000  kgm.  an  hour, 
he  evaporated,  under  the  given  conditions,  as  follows: 


TBMPERATUSa 

BELATIVB  RUMIDITT 

WATER  EVAPORATED  EACH  HOUR 

•c. 

pereent 

granta 

7 

81.0 

68.0 

13 

84.0 

70.8 

17 

87.0 

90.4 

10 

81.0 

112.8 

2S 

47.0 

230.0 

Red  and  sleep.  Benedict  and  Carpenter  compared  the  output  in  rest 
and  sleep.  In  rcHt  the  Iohs  for  each  kilogram  wius  ().(')  1  gram  an  lioiir  with 
a  variation  of  from  1  to  0.42  gnun,  wliiie  in  kUm'p,  tlu;  average  lo.ss  was 
0^8  gram  with  variatioMH  from  ().3()  to  0.(i8  gram.  The  average  vakie 
in  rest  for  each  m]uar(r  meter  of  body  surface  was  10.7  grams  an  hour, 
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with  variations  from  29.2  to  14  grams  while  in  sleep  the  average  was  15.9 
with  a  variation  of  from  22.2  to  12.4.  During  rest  the  average  output 
is  40  grams  an  hour,  while  that  in  sleep  is  32.1  grams  an  hour. 

They  further  determine  the  relative  amount  of  water  vapor  lost  from 
the  lungs  and  skin,  utilizing  the  method  of  computation  devised  by 
Zuntz.  This  assumes  that  the  inspired  air  has  the  moisture  content 
of  the  air  of  the  room  and  that  the  expired  air  is  saturated  at  the  tem- 
perature of  the  body,  namely  37°C.  Thus  by  knowing  the  total  venti- 
lation of  the  lungs  it  is  possible  to  compute  the  output  of  water  vapor 
through  the  lungs.  Zuntz  and  his  associates  have  determined  that  for 
every  litre  of  oxygen  absorbed  there  is  a  ventilation  in  the  lungs  of  21  litres 
of  air,  and  consequently  multiplying  the  amount  of  oxygen  absorbed 
by  21  yields  the  total  ventilation  of  the  lungs  in  liters  of  air.  Although 
the  method  is  fallacious  in  some  respects,  especially  during  exercise, 
Benedict  and  Carpenter  believe  that  it  yields  fairly  accurate  and  rather 
constant  results  during  rest.  Their  results  show  that  in  the  same 
individual  at  rest  the  ratio  of  the  amount  of  water  vaporized  by  the 
lungs  and  skin  is  fairly  constant  and  that  on  an  average  the  amount 
lost  from  the  skin  is  approximately  56  per  cent  of  the  total,  and  that 
this  ratio  is  not  materially  decreased  by  food  or  fasting.  Age  according 
to  DuBois  exercises  no  great  influence  on  water  evaporation  for  each 
unit  of  weight. 

Loss  OF  WATER  BY  THE  SKIN.  Water  is  lost  by  the  skinasinscnsiblc 
and  perceptible  sweat.  The  former  is  continuous  as  evidenced  by  the 
continuous  excretion  of  salt  by  the  skin  (Cramer).  Sweating  is  invoked 
under  high  environmental  temperature  around  37''C.,  but  the  exact 
level  is  influenced  by  relative  humidity,  exercise,  and  certain  nervous 
influences.  Loss  of  water  from  the  skin  by  transpiration  is  said  to  be 
due  purely  to  physical  processes.  But  this  might  be  questioned  on  the 
basis  of  Talbert's  work  which  demonstrated  that  volatile  acids  are 
excreted  continuously  during  this  process.  But  in  patients  supposedly 
devoid  of  sweat  glands  losses  from  the  skin  up  to  800  grams  a  day  have 
been  demonstrated. 

Quantity  of  water  lost  by  way  of  the  skin.  Under  normal  conditions  of 
temperature  and  humidity  this  is  approximately  500  cc.  a  day.  Nuttall 
credits  Pettenkofer  and  Voit  with  500  cc.  Obviously  this  varies 
markedly  with  temperature,  humidity,  winds,  exercise,  and  clothing. 
Sweat  may  vary  from  an  insensible  perspiration  to  as  much  as  1  litre 
an  hour  (Haldane  and  Priestley;  White).  According  to  Flack  and  Hill 
as  much  as  10  litres  of  water  (5800  calories)  may  be  evaporated  during 
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a  ride  in  the  sun  in  the  South  CaHfornia  desert,  where  the  radiant 
energy  reflected  from  the  sand  adds  its  effect  to  that  of  the  direct 
radiant  energj'  of  the  sun. 

Water  is  lost  by  way  of  the  skin  in  the  absence  of  sweat  glands. 
Such  cases  have  been  described  by  Guilford,  Tendlau,  Loewy  and 
Weckselbaum,  Christ,  and  Goeckerman.  Loewy  and  Weckselbaum 
studied  the  amount  and  the  mechanism  of  water  lost  as  insensible 
perspiration  and  found  in  three  patients  that  the  amount  was  normal, 
800  cc.  each  day.  Tendlau  demonstrated  in  his  patient  inefficiency  in 
the  heat  regulating  mechanism,  an  increase  in  temperature  following 
the  ingestion  of  milk  or  direct  exposure  of  the  body  to  the  rays  of  the 
sun.  This  patient  was  studied  also  by  Zuntz  who  noted  increased  rate 
and  depth  of  respiration  at  all  times.  In  order  to  work  effectively  in 
the  sun-light  the  patient  found  it  necessary  to  moisten  his  shirt  with 
water. 

Temperature  and  onset  of  sweating.  Visible  sweating  appears  usually 
between  30°  to  37°C.  Von  Willebrand  observed  it  in  one  subject  at 
SO^C.  and  in  another  at  33.5°C.  Subsequent  to  the  appearance  of  sweat 
the  local  temperature  may  decrease.  "The  temperature  of  the  naked 
human  skin,"  says  Aron,  "if  exposed  to  the  sun,  rises  quickly  to  36°C., 
maximum  37°C.  Sweat  breaks  out  then  and  the  temperature  falls." 
For  example,  the  skin  surface  temperature  of  the  forehead  may  rise  to 
41*'C.  and  sink  to  SS^'C. 

Influence  of  relative  humidity.  Von  Willebrand  found  that  witli  a 
relative  humidity  of  40  to  50  per  cent  and  a  tempHM-ature  of  V2°C.,  10.5 
grams  of  water  an  hour  were  lost  by  the  skin;  at  IS^C.,  13  to  18  grams 
and  at  28°C.,  26  to  27  grams.  He  believes  that  the  amount  vaporized 
gradually  mounts  with  temperature  increasing  above  12°C.  until  sweat- 
ing begins. 

For  average  clothed  pereoiis  resting  in  calm  air,  a  temperatur(>  of 
25®  to  26*'(J.  with  a  relative  humidity  of  00  per  cent  occasions  sweating 
With  22  per  cent  relative  humidity,  the  sweating  point  is  nearly  30*C. 
(Kubner). 

The Hkin  varies  in  its  local  temp(»rature,  its  sweating  capacity,  and  its 
sensitivenoHH  to  heat  and  cold.  Thus  lieiuuUct  found  that  the  skin 
temperature  varied  from  28.1  in  the  calf  of  the  leg  to  34.7  in  the  waist 
(with  clothing).  In  an  artist's  model,  after  2.J  hours'  exposure  (naked), 
in  a  room  at  14.5**('.,  there  wiw  a  difference  of  10.()''('.,l)etvveen  the  high- 
cut  and  lowoHt  parts; at  25.8*'(:.  the  difference  wiw  5.4 "(l; at  30''(\,4.2"('. 
The  forehead  wfcretes  earlier  than  the  arnj  and  its  temperature  falls 
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earlier  and  generally  lower.  According  to  Loewy,  the  loss  of  perspira- 
tion for  each  square  metre  of  surface  is  greatest  from  the  arms,  next 
greatest  from  the  legs  (the  extremities  yielding  not  far  from  75  per  cent 
of  the  total),  and  least  from  the  trunk.  The  greatest  actual  loss,  how- 
ever, is  from  the  legs  (Lusk). 

Temperature  and  exercise.  The  effect  of  a  warm  and  a  cold  day  on  the 
sweating  of  marching  soldiers  as  the  result  of  a  7-mile  march  carried 
out  by  four  soldiers  is  shown  (Pembrey) . 


AVEBAOE  INCREASE  Or 

WARM  DAY 

COLD  DAY 

Pulse 

6.2  each  minute 
2.52°C. 
1816  grams 
320  grams 

14    each  minute 

Rectal  temperature 

1 .44°C. 

Evaporation  of  sweat 

Weight  of  clothes  (moisture) 

419  grams 
27  grams 

In  the  summer  a  young  soldier  observed  by  Zuntz,  carrying  out  six 
marches  of  25  km.  each,  lost  between  2436  (1413  calories)  and  3366  grams 
of  water  (1952  calories),  335  to  995  grams  being  retained  in  his  clothes. 

According  to  Zuntz,  if  the  body  heat  production  of  a  soldier  is  increased 
1000  calories  by  a  march  carried  out  at  a  temperature  of  lO^'C.  (50°F.) 
in  saturated  calm  air,  his  water  loss  will  be  increased  800  grams;  each 
increase  of  air  temperature  of  1°C.  will  increase  the  water  loss  38 
grams;  each  1  per  cent  increase  of  relative  humidity  will  lessen  it  4  grams; 
and  each  unit  increase  of  wind  (12  unit  scale  of  wind)  will  lessen  it  70 
grams. 

Sweat  and  clothing.  Clothing  influences  water  loss  by  the  skin  but  this 
will  not  be  discussed. 

Sweat.  Sweat  contains  from  97.5  to  99.5  per  cent  water,  and  is  prob- 
ably the  most  dilute  secretion  encountered  in  the  organism.  The 
lack  of  concentrating  power  of  the  sweat  glands  is  in  marked  contrast 
to  the  concentrating  power  of  the  kidneys.  Perspiration  has  an  acid 
reaction,  pH  =  ±  5.7'  (Talbert)  and  contains,  aside  from  the  admixtures 
of  secretions  of  the  sebaceous  glands,  inorganic  salts,  chiefly  chlorids, 
and  traces  of  phosphates  and  sulphates  (Kast),  and  organic  compounds 
of  which  urea  constitutes  more  than  50  per  cent,  with  smaller  amounts 
of  lu'ates,  creatinin  and  etherial  sulphates,  amino  acids,  and  traces  of 
other  metabolic  products.  The  amount  of  sweat  excreted  each  day 
varies  tremendously  with  habits,  habitat,  and  climate. 
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In  moderate  climates  on  a  daily  intake  of  3  litres  of  water  the  daily 
loss  by  sweating  during  rest  approximates  700  cc.  for  an  individual 
weighing  70  kgm.  Heat  and  exercise  markedly  increase  the  amount  of 
sweat.  Cramer  has  estimated  from  the  sodium  chlorid  left  on  the  sur- 
face of  the  bodj''  that  more  than  3200  cc.  are  lost  dail}^  during  a  strenuous 
march  in  summer  weather.  By  means  of  dry  heat,  sweat  baths,  alcohol 
or  electric  cabinets,  and  so  forth,  as  much  as  from  0.5  to  1  litre  may 
be  lost.  Haldane  and  Priestley  refer  to  two  patients  who  in  a  Turkish 
bath,  suffered  losses  as  great  as  2.3  kgm.  of  sweat  in  2|  hours. 

The  function  of  sweat.  Sweat,  thi-ough  furnishing  water  for  evapora- 
tion, regulates  body  temperature.  Tliis  is  its  chief  function.  But 
the  sweat  glands  must  also  be  looked  on  as  excretory  organs  for  water, 
sodium  chlorid,  urea  and  possibly  acid  radicals.  Sweat  is  a  true 
secretory  product  and  results  from  the  excitation  of  secretory  nerves 
and  is  relatively  much  more  independent  of  blood  flow  and  blood  pressure 
than  is  the  urine.  Sweat  glands  are  found  everywhere  in  the  skin  of 
man  and  are  very  numerous.  Cramer  has  estimated  that  as  many  as 
from  500  to  1900  exist  to  1  sq.  cm.  in  some  areas  of  the  body. 

Sweat  in  various  animals.  Men  and  horses  sweat  from  the  entire 
surface  of  the  body.  Dogs  and  cats  show  visible  sweat  only  from  the 
hairless  surfaces,  the  soles  of  the  feet;  while  rabbits,  mice  and  rats  do  not 
sweat  at  all.  It  is  usually  contended  that  dogs  do  not  sweat  because 
they  have  no  sweat  glands,  but  cats  and  dogs  do  have  such  glands  in 
other  surfaces  than  the  soles  of  the  feet. 

InnervcUion  of  sweat  glands.  The  secretory  nerves  of  the  sweat  glands 
belong  exclusively  to  the  sympathetic  nervous  system  (Langley).  In 
the  cat,  for  instance,  the  secretory  nerves  of  the  sweat  glands  of  the  fore- 
legs leave  the  cord  with  the  fourth  to  the  ninth  thoracic  nerves;  and  of 
the  hind  legs  with  the  twelfth  and  thirteenth  dorsal  and  first  and  second 
lumbar.  They  all  pass  through  tiie  sympathetic  trunk  and  then  through 
the  brachial  or  sciatic  plexus  to  the  balls  of  the  feet. 

The  spinal  centers  are  controlled  primarily  by  the  thermo-regulatory 
centers  in  the  mid  brain"  but  may  also  be  influent;ed  by  other  parts  of 
the  central  nervous  system  and  may  be  stimulat(»d  by  various  sensory 
stimuli  which  often  produce  sweat  only  in  certain  limited  portions,  as  for 
example,  the  localized  sweating  over  cofistantly  acting  nuisdes  (Meyer 
and  Ciottlieb).  Tlu-  sweat  <luring  nau.sea  and  that  due  to  the  stinmla- 
tion  of  the  (ren'bral  cortex  from  anxi<'ty  or  fear  are  familiar  examples 

*  The  exi«t«nce  of  a  thcrino-rnRulutory  center  uh  rucIi  has  not  been  proved. 
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of  the  influence  of  higher  centers  of  the  cerebral  nervous  system 
(Winkler). 

Heat  constitutes  the  most  important  and  most  effective  physiologic 
stimulus  for  the  secretion  of  sweat  and  acts  upon  the  higher  centers. 
Sweating  is  invoked  by  preventing  heat  loss  and  increasmg  heat  pro- 
duction, but  as  a  rule  it  is  evoked  most  readily  by  the  application  of 
heat.  Availability  of  water  for  excretion  in  sweat  is  an  important 
factor  in  determining  the  quantitative  response.  Local  heat  renders 
the  secreting  glands  more  amenable  to  stimulation  (Schierbeck),  while 
cooling  may  prevent  it  entirely  (Langley). 

Sweating  from  drugs.  Sweating  may  be  affected  by  drugs  acting 
centrally  or  peripherally.  All  drugs  stimulating  spinal  centers  tend  to 
stimulate  spinal  sweat  centers;  thus  strychnin,  camphor,  picrotoxin, 
pilocarpin  and  ammonium  salts  increase  sweating,  but  this  power  is 
lost  after  section  of  the  spinal  nerves. 

Although  the  innervation  of  sweat  glands,  so  far  as  is  known,  is 
purely  sympathetic  (thoracic  autonomic),  in  their  pharmacologic  re- 
actions, in  their  insusceptibility  to  epinephrin  and  their  suscepti- 
bility to  the  autonomic  drugs,  they  behave  entirely  like  organs  with 
autonomic  (parasympathetic)  innervation.  No  explanation  has  thus 
far  been  found  for  the  striking  exception  to  otherwise  apparently 
general  laws. 

Induced  sweating  by  high  temperatures.  Therapeutically  sweating  may 
be  induced  through  the  use  of  high  temperatures,  either  dry  or  moist, 
Russian  or  Turkish  baths,  dry  or  moist  packs,  electric  cabinets,  hot 
baths,  flannel  blankets,  and  so  forth.  White  found  that  a  few  minutes' 
immersion  in  a  bath  at  42.4°C.  increased  the  evaporation  of  water 
from  his  skin  eighty  times. 

Loss  OF  WATER  BY  THE  LUNGS.  Loss  of  fluld  by  way  of  the  lungs  is 
continuous  and  probably  not  subject  to  so  great  variation  as  that  through 
the  skin.  Under  ordinary  conditions  the  mucous  membrane  of  the 
mouth  and  nasophaiynx  is  always  distinctly  wet  with  secretions. 
The  air  leaves  the  respiratory  tract  saturated  with  moisture  and  approxi- 
mately at  body  temperature.*  The  mucous  membrane  of  the  respira- 
tory tract  is  susceptible  to  great  changes  in  regard  to  turgescence  and 
amount  of  secretions,  as  evidenced  by  the  marked  sensation  of  dryness 
in  a  hot,  dry  room. 

'  This  question  is  discussed  in  papers  by  Galeotti  and  Osborne.  The  latter 
claims  that  the  expired  air  is  saturated  at  temperatures  from  32.5  to  33.5°C. 
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For  quantitative  measurements  of  water  loss,  air  may  be  collected  by 
special  devices  (Rubner,  Zuntz)  in  the  way  of  cabinets,  chambers,  or 
hoods  connected  in  an  air-tight  manner  mth  the  respiratory  tract. 
Rubner  found  in  the  resting  man  at  20°C.  that  approximately  400  cc. 
of  water,  17  grams  an  hour  (232  calories),  escaped  through  the  respira- 
tory channels  which  is  somewhat  less  than  50  per  cent  of  the  total  trans- 
piration. 

Amount  of  water  lost  by  the  lungs.  Benedict  and  Carpenter,  utihzing 
the  computation  of  Zuntz,  found,  in  a  large  series  of  determinations  on 
fifty-three  individuals,  that  the  average  amount  lost  by  the  lungs  was 
36.3  per  cent  of  the  total,  with  valuations  from  21  to  51.4  per  cent.  In 
sleep  the  percentage  of  loss  was  about  35  per  cent. 

With  the  average  mean  temperature  and  humidity,  Rubner  says 
that  an  adult  gives  off  water  each  hour  from  the  lungs:  resting,  17 
grams;  deep  breathing,  19  grams;  reading,  28  grams;  and  singing,  34 
grams. 

The  amount  of  saliva  under  varying  conditions  has  been  studied  by 
Cannon  in  connection  with  thirst.  Marked  effects  are  demonstrated 
from  mouth  breathing,  gum  chewing,  deprivation  of  water  and  its  ad- 
ministration. 

Hill  asserts  that  the  water  lost  during  each  daj^  by  evaporation  from 
the  air  passages  by  the  resting  man  can  be  calculated  if  the  temperature 
and  pressure  of  the  air  are  taken  and  the  dew  point  is  determined  by 
wet  and  dry  bulb  readings. 

In  the  dog  the  upper  respiratory  tract  is  the  chief  channel  of  water 
loss  by  transpiration.  Its  influence  is  indicated  by  the  results  following 
tracheotomy.  The  rectal  temperature  of  tracheotomizod  dogs  placed 
in  the  sunshine  rose  from  39°C.  to  42  and  44°C.  The  resi)iration  and 
pulse  rate  were  markedly  accelerated,  saliva  dropped  from  the  mouth, 
and  the  mucous  membrane  became  cyanosed. 

lyOSB  OF  WATER  BY  THE  KiDN'EYs.  Tlw  Urine.  Usually  the  urine  is 
regarded  as  representing  the  major  part  of  the  water  loss  from  the  body, 
and,  generally  speaking,  this  is  tnie.  However,  under  unusual  condi- 
tions of  lieat  an<l  exercise  water  loss  tliough  sweat  and  evaporation 
from  the  skin  and  lungs  may  far  exceed  that  of  the  urine. 

Urine  represents  the  end  result  of  the  work  of  the  kidney.  The 
mechanism  involved  in  the  secretion  of  urine  is  not  known  exactly. 
The  well  known  theories  have  recently  l)een  discussed  by  Sti(>glitz  who 
hn«  added  mmw  new  evidence  relative  to  the  fmictions  of  the  tulniles. 
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The  kidney  does  not  pass  substances  on  merely,  for  in  the  excretion 
marked  changes  occur  in  relation  to  concentration.  The  comparison 
of  the  concentration  in  some  of  the  more  important  constituents  of  the 
urine  and  blood  are  tabulated  by  Cushny  as  follows: 


TABLE  7 

BLOOD  PLASMA 

URINE 

CHANGE  IN 

CONCENTR.\TION 

IN  KIDNET 

Water 

Proteins,  fats,  and  other  colloids 

per  cent 

90  to  93 
7  to    9 
0.1 
0.03 
0.002 
0.32 
0.02 
0.001 
0.008 
0.0025 
0.37 
0.009 
0.003 

per  cent 

95 

2 
0.05 

o.a5 

0.15 

O.M 

0.015 

0.006 

0.6 

0.27 

0.18 

Dextrose  

Urea 

60 

Uric  acid 

25 

Sodium 

Potassium 

1 

7 

Ammonium 

40 

Calcium 

o 

Magnesium 

2 

Chlorids 

2 

Phosphates 

30 

Sulfates 

60 

Cushny's  idea  of  the  nature  of  urine  in  diuresis  should  be  presented, 
"The  urine  in  diuresis  always  approaches  plasma  in  composition  more 
nearly  than  when  the  secretion  is  more  moderate."  In  short  all  the 
constituents  of  the  urine  are  increased  in  absolute  amount  for  each  unit 
of  time  during  diuresis.  But  the  "no  threshold"  substances  are  invari- 
ably reduced  in  percentage,  while  the  "threshold"  substances  are  often 
reduced  in  percentage,  but  may  actuallj'^  rise  in  some  circumstances.* 
As  the  diuresis  passes  off,  a  change  in  the  opposite  direction  sets  in. 

The  quaritity  of  urine.  Generally  speaking,  the  amount  of  urine 
excreted  is  directly  dependent  on  the  water  intake  and  inversely  pro- 
portional to  the  amount  excreted  by  the  other  channels  of  water  loss. 
Ordinarily  the  kidney  excretes  daily  an  amount  of  water  equal  to  the 
difference  between  the  intake  and  that  excreted  by  the  skin,  bowels, 
and  lungs  when  the  body  weight  is  maintained  at  a  normal  level. 
This  amount  fluctuates  tremendously,  in  fact,  the  ability  of  the  kidney 
to  accommodate  itself  to  fluctuations  in  water  and  food  intake  and  to 
environmental  influences,  constitutes  one  of  its  striking  characteristics. 
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This  is  utilized  clinicalty  in  determining  renal  functional  capacity.^" 
The  normal  kidnej'  is  capable  of  excreting  a  small  quantity,  from  500  to 
600  cc.  of  concentrated  urine  with  a  specific  gravity  of  1.040  or  more,  or 
8  to  10  litres  of  very  dilute  urine  with  specific  gravity  of  1.001  to  1.002. 

Certain  great  factors  are  important  in  determining  the  dailj^  output 
of  urine.  Among  these  should  be  considered  age,  the  amount  lost  by 
other  channels,  food  intake,  salt  intake,  and  finally  and  most  important, 
the  water  intake  itself. 

Age.  The  urinarj'  output  in  the  early  years  of  life  is  indicated  in 
Holt's  table,  his  figures  being  compiled  from  the  findings  of  several 
investigators: 

Urine 
Age  gm. 

First  twenty-four  hours 0.60 

Second  twenty-four  hours 10  to  90 

Three  to  six  days 90  to  250 

Seven  days  to  two  months 150  to  400 

Two  to  six  months 210  to  500 

Six  months  to  two  years 500  to  800 

Five  years  to  eight  years 600  to  1200 

Eight  years  to  fourteen  years 1000  to  1500 

Camerer  gives  findings  for  the  daily  urine  excretion  of  boys  and  girls 
as  follows: 

Girls 

Years 2  to  4  5  to  7  8  to  10  11  to  14  15  to  18  21  to  24 

Output 670   800    980     930     920  lll6 

Boys 

Years 5  to  6    7  to  10    11  to  14     15  to  16  17  to  18 

Output 730         940            1040             840  1040 

The  numl)or  of  voidings  and  tiio  average  quantity  of  each  is  shown 
in  table  8. 

The  rate  and  amountd  of  urine  excretion  following  the  intake  of  defi- 
nite amount.^  of  water  can  bo  found  in  the  papers  from  Aschonheim  and 
Ohlniann." 

Adults.  The  water  intake  varies  markedly  from  day  to  day.  The 
average  according  to  Forster  is  from  2300  to  3500  cc.  Those  figures 
arc  from  Miinidi  and  inchido  consumption  of  boor.     For  this  country, 

•"lor  •!.  I  .il  rotM.tiiiMK  roncMMitr.ilifm  and  dilution  testa  see  Volhard  and 
Fahr. 

"  For  detaiU  concerning  urinary  output  in  childhood  see  Foldman. 
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Atwater  and  Benedict  found  variations  in  water  intake  from  880  to 
2440  cc.  with  the  subject  in  repose,  an  average  for  49  days  of  2290 
cc.  and  with  moderate  work  from  2225  to  4550  cc,  an  average  for 
66  days  of  3700  cc.  The  urinary  output  varies  with  the  intake  within 
normal  Hmits  from  800  to  3000  cc,  the  average  being  usually  between 
1200  to  2000  cc 

TABLE  8 


AGE 

MICTURITIONS* 

AVBRAGB 

QUANTITY  VOIDED 

AT  EACH 

MICTURITION 

Days, 
Months, 

14  to  30 

13.0 
14.0 
20.0 
16.0 
12.0 
10.0     • 

9.0 

7.5 

9.3 

7.1 

7.8 

7.0 

7.3 

7.0 

7.5 

8.3 

CC. 

34 

1  to    3 

31 

3  to    6 

31 

6  to  12 

44 

Years, 

1  to    2 

60 

2  to    3 

88 

3  to    4 

92 

4  to   5 

90 

5  to   6 

104 

6  to    7 

154 

7  to   8 

146 

8  to    9 

191 

9  to  10 

262 

10  to  11 

248 

11  to  12 

224 

12  to  13 

262 

*  According  to  the  investigations  of  Engel  and  Pfeifer  the  number  of  micturi- 
tions during  the  first  few  months  of  life  may  be  much  greater. 


The  effects  of  environment.  Other  things  being  equal,  the  quantity 
of  urine  varies  directly  with  the  water  ingested  and  inversely  with  the 
loss  from  the  lungs  and  skin.  During  extreme  hot  weather,  the  water 
intake  may  be  very  large  and  the  urine  output  may  be  quite  small. 
Breinl  and  Young  have  contrasted  the  urine  output  in  the  tropics  with 
that  of  the  European  standard.  The  volume  of  urine  excreted  is  smaller, 
the  specific  gravity  higher,  and  the  total  nitrogen  and  sodium  chlorid 
content  less  in  the  tropics,  as  shown  by  the  table  giving  the  average 
of  twenty-five  persons  some  of  whom  were  manual  and  some  seden- 
tary workers: 

PHTSIOLOQICAL  K£VI£WS,  VOL.  2,  NO.   1 
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Quantity 

Specific  gravity.. 
Freezing  point  A 
Total  nitrogen... 
Sodium  chlorid.. 
Phosphates 


INTOWNSVIIXE,* 
AUSTRAl.I.\ 


782  cc. 

1.025 

0.935  to2.25t.°C. 

10.4  gm. 

7.0  gm. 

1.73  gm. 


EUROPEAN  STANDARD 


1500  CC. 

1.015  to  1.020 

0.87  to2.71°C. 

16.0  gm. 

15.0  gm. 

2.0  to  3.5  gm. 


*  Townsville,  Australia,  has  a  latitude  of  20  S.  and  longitude  of  147  W. 

In  hot  climates  the  water  balance  is  usually  set  at  a  high  level.  Hunt 
says  that  the  fluid  intake  and  output  in  India  is  commonly  as  much  as 
13  litres  each  day.  In  temperate  zones,  there  is  a  striking  difference  in 
the  urinar>'  output  in  summer  as  compared  with  winter. 

Food  and  urinary  output.  Food  influences  water  exchange  at  least 
in  two  important  respects,  the  effects  of  the  metabolites  on  the  water 
holding  capacity  of  the  body,  osmotic  pressure,  salt  content,  and  so 
forth,  and  the  effects  of  metabolites  on  renal  function. 

Reference  has  already  been  made  to  the  effects  of  diets  rich  in  car- 
bohydrates or  fats  on  body  weight  and  on  water  output.  Rubner  cal- 
culated the  amount  of  water  necessary  in  tropical  weather  to  yield 
sufficient  water  to  maintain  a  properly  dilute  urine  and  suflficient 
sweat  to  keep  the  individual  cool.  This  varies  with  diet.  On  European 
diet,  2400  calories  a  day,  4400  cc.  of  water  are  required.  On  an 
exclusive  meat  diet,  7G00  cc.  of  water  are  required.  The  effect  of  types 
of  food  on  the  urinary  output  is  striking.  Doctor  Adams,  of  our  staff, 
is  studying  the  effect  of  diet  on  the  (luantity  of  urine.  On  each  of 
three  days,  the  patient  was  given  700  cc.  of  water  with  breakfasts 
rich  in  carbohydrates  (dextrose  1.5  grams  for  each  kilogram  of  body 
weight),  prot<Mn,  or  fat  respectively.  On  the  breakfast  high  in  fat,  27 
per  cent  of  the  water  was  recovered  in  urine  within  5  hours,  on  the  diet 
high  in  protein,  74  per  cent,  and  on  the  diet  high  in  carl)ohydratcs,  85 
per  cent. 

01)e«ity  markedly  affects  water  exchange.  Oerti^l's  researches  show 
that  the  riuantiiy  of  water  entering  tiie  organism  affects  the  accunmla- 
tion  and  conHUinption  of  fat.  When  the  water  loss  is  great  and  the  in- 
take wnall  the  fat  accuniuhited  in  the  body  decreases,  lieeler  and  Fitz 
have  cietnoriKtraied  however  that  in  one  form  of  obesity,  diuresis  is 
induced  only  with  the  greatest  dirticully.  Hut,  in  general,  it  is  only 
with  the  grcalcHi  difficulty  that  water  is  held  in  the  body.    Accord- 
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ing  to  Schattenfroh,  the  loss  of  water  by  transpiration,  occurring  in  fat 
persons  during  exercise,  is  greater  than  in  thin.  Lack  of  training  prob- 
ably plays  some  part. 

Excessive  ingestion  of  sodium  chlorid  and  of  sugar  results  in  increased 
thirst,  increased  water  ^  ingestion,  and  increased  urinary  secretion. 
TEe  ingestion  of  large  quantities  of  hypertonic  salt  or  sugar  solution, 
results  in  extreme  diuresis;  water  withdrawal  and  failure  to  replenish 
the  excessive  loss  results  in  dehydration  of  the  body  and  development 
of  fever. 

Beverages.  In  addition  to  the  diuretic  effect  of  the  contained  water, 
many  beverages  directly  stimulate  the  renal  secretion.  Thus  the 
xanthin  derivatives  in  tea,  coffee,  and  cocoa  exert  a  specific  stimulating 
effect  on  the  cells  of  the  renal  tubules  (Schroeder),'  and  an  increased 
blood  flow  through  the  kidney  (Loewi).  Alcohol,  un,der  certain  condi- 
tions, causes  vasodilatation  of  the  kidney  and  diuresis.  Beer  is  especially 
effective  in  this  respect. 

Control  of  urinary  secretion.  Embryologically  and  histologically,  the 
kidney  is  not  a  typical  secreting  gland.  It  consists  of  a  large  number  of 
units,  tubules  and  glomeruli,  and  has  a  relatively  large  blood  supply. 
The  kidney  presents  within  itself  the  same  double  capillary  arrange- 
ment encountered  in  the  portal  system;  the  glomeruli  corresponding  to 
vessels  of  the  alimentary  tract  and  the  second  series  around  the  tubules 
corresponding  to  the  capillaries  of  the  liver. 

The  number  of  units,  glomeruli  and  tubules,  is  large.  In  the  dog, 
various  investigators  Have  placed  the  number  at  from  125,000  to  300,000 
depending  on  the  size  of  the  animal  (Brodie  and  Peter);  in  the  cat, 
16,000  (Miller  and  Carlton);  in  man,  2,000,000  (Schweizer-Seidl) . 
The  number  is  generally  in  excess  of  the  actual  needs,  that  is,  the 
factor  of  safety  is  great  as  evidenced  by  the  fact  that  one-third  of  the 
kidney  tissue  will  suffice. 

The  kidney  derives  its  nerve  supply  from  a,  the  semilunar  ganglion; 
6,  a  small  branch  direct  from  the  splanchnic ;  c,  a  small  branch  from  the 
plexuses  around  the  suprarenal  body  and  aorta;  and  d,  sometimes  a 
direct  branch  from  the  vagus.  The  splanchnic  nerves  carry  vasocon- 
strictor fibers.  Stimulation  results  in  the  arrest  of  renal  secretions 
(Bradford)  and  section,  in  increased  flow  (Claude  Bernard).  The  vagus, 
through  its  action  on  the  heart,  exercises  a  marked  influence  on  renal 
secretion.  Its  stimulation  in  the  neck  causes  a  marked  decrease  of 
urinary  flow,  but  the  presence  of  fibers  directly  affecting  renal  secretions 
has  not  been  proved.     The  nerve  control  is  exercised  ordinarily  through 
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the  vasomotor  center  in  the  medulla.  This  may  be  stimulated  directly 
bj''  asphyxia  or  anemia  of  the  medulla  oblongata,  resulting  in  decrease 
or  arrest  of  urinary  secretion  from  ischemia  of  the  kidney,  or  refiexly 
through  the  sensor\'  nerves  such  as  the  sciatic  (Cohnheim  and  Roy), 
through  cutaneous  nerves  as  in  exposure  to  cold,  or  through  stimuli 
arising  from  within  the  kidney,  ureter,  or  bladder.  But  it  must  be 
remembered  that  the  kidney  can  function  for  months  in  the  absence  of 
all  nerve  supply,  as  has  been  shown  by  Carrel  and  Guthrie,  and  Quinby. 

Cerebral  control  is  exercised  also.  The  details  as  to  the  nature  of 
the  mechanism  are  still  lacking.  The  results  of  puncture  in  the  floor  of 
the  fourth  ventricle,  Claude  Bernard's  piqtire  (Bernard,  Eckhard  and 
Finkelnburg)  are  famiUar.  Brain  tumors  are  often  accompanied  by 
urinary  disturbances,  especially  those  which  involve  the  pituitarj^ 
gland  or  its  neighborhood.  The  work  of  Camus  and  Roussy  indicates 
that  independent  of  any  injury  to  the  pituitary  gland,  polyuria  results 
from  the  puncture  of  the  interpeduncular  space,  and  that  of  Bailey  and 
Bremer  indicates  that  polyuria  constantly  follows  a  piqure  injuring  the 
para-infundibular  region  of  the  hypothalamus.  Polyuria  associated 
with  or  following  epilepsy,  migraine,  or  other  headaches,  hysteria,  and 
nervous  strains  suggests  strongly  the  existence  of  higher  centers  of 
control. 

The  endocrine  system  also  unquestionably  plays  a  part  in  the  control 
of  water  balance.  This  is  indicated  by  the  striking  effect  of  the  subcu- 
taneous administration  of  the  extract  of  the  posterior  lobe  of  the  pitui- 
tary in  controlling  the  urinary  output,  in  normal  individuals  following 
excessive  water  ingestion  and  in  patients  with  diabetes  insipidus.  Also 
polyuria  results  often  following  extirpation  of  the  qogterior  lobe  of  the 
pituitary  or  section  of  the  infundibuluin.  According  to  Cushing,  the 
pituitary  is  involved  in  the  control  of  urinary  output  through  nerve 
tracts  reaching  the  kidney  after  passing  from  the  spinal  cord  to  the 
superior  cervical  ganglion  Jind  posterior  ganglionic  fibers.  Similarly, 
the  thyroid  gland  is  concerned  in  the  nulabolism  of  water  as  evidenced 
by  changes  wrought  in  a  myxedematous  patient.  On  the  adminis- 
tration of  thyroxin  the  patient  (juickly  loses  weight — largely  water — 
and  the  dry  indurated  skin  becomes  soft  and  moist. 

Sonie  phytnoloyic  factors  influencing  •urinary  secretion,  such  as  blood 
flow,  blood  pn'Hsvire,  etc,  will  not  be  discussed. 

Hiysicchchrmiad  factors.  The  paramount  influence  in  urinary 
fwcrction  is  the  chemical  composition  and  physio-chemical  state  of  the 
bloo<l.    Two  factors  arc  of  great  importance,  changes  in  concentration 
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of  the  colloids  of  the  plasma  and  permeability  of  the  kidney  for  sub- 
stances appearing  in  the  plasma.  Decreased  colloid  content  tends  to 
increase  m-inary  output,  that  is,  to  "dilution  diuresis."  The  dilution  of 
colloids  is  most  readily  accomplished  by  the  intravenous  injection  of 
salt  solution  or  liinger's  solution.  Such  a  procedure  usually  results  in 
calHng  into  play  mechanical  features,  as  is  evidenced  by  the  increase  in 
the  volume  of  the  kidney  as  recorded  by  the  oncometer.  But  this  does 
not  invariably  result  (Starling,  Cushny).  Richards  and  Plant  have 
shown  that  the  saline  diuresis  may  occur  without  increase  in  renal 
volume  or  in  blood  pressure. 

Magnus,  who  conducted  classical  experiments  in  salt  diuresis,  first 
concluded  that  it  was  due  to  hydremia,  but  later  withdrew  this  conclu- 
sion and  ascribed  it  to  specific  stimulation  of  renal  cells.  In  a  critical 
review  of  the  experiments  of  Magnus,  Cushny  has  reinterpreted  his 
results  and  finds  that  decrease  in  colloid  contents  of  plasma  accompanies 
all  instances  of  diuresis. 


NORMAL 

DURING  DIURESIS 

Urine  in  10 
minutes 

Plasma-protei  n 

Urine  in  10 
minutes 

Plasma-protein 

1 

2 
3 

cc. 
1.2 
1.0 
1.5 

per  cent 

7.33 
5.94 
4.43 

cc. 

115.0 
57.5 
62.5 

per  cent 

3.84 
3.17 
2.86 

In  some  experiments  when  the  colloids  of  the  blood  are  decreased  by 
less  than  one-half,  the  urine  is  increased  a  hundred  fold.  Cushny 
explains  this  on  the  basis  that  the  rapid  flow  of  urine  through  the  tubules, 
that  is,  flooding,  prevents  reabsorption  and  consequently  only  a  small 
proportion  of  the  excess  passing  through  the  glomeruli  is  reabsorbed, 
the  greater  bulk  of  urine  reaching  the  ureter  before  absorption.  The 
work  of  Barcroft  and  Straub  lends  support  to  the  idea  that  lessening  the 
osmotic  resistance  in  filtration  is  responsible  for  diuresis,  in  that  the 
oxygen  consumed  during  the  period  of  diuresis  does  not  exceed  the  nor- 
mal amount  for  the  resting  kidney.  The  volume  of  blood  is  not  respon- 
sible, since  replacement  of  colloid  by  salt  solution  results  in  marked 
diuresis.  Knowlton  has  brought  convincing  proof,  by  injecting  saline 
solution  with  and  without  colloids  and  finding  that  the  diuresis  is  pro- 
portional to  the  free  saline  solution.  Fischer  has  pointed  out  that 
availability  of  water  is  important  in  relation  to  its  excretion  and  has 
emphasized  the  importance  of  considering  the  factors  affecting  the 
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hydration  properties  of  the  body  tissues.  "Free"  water  only  is  avail- 
able for  excretion.  Meyer  and  Gottlieb  have  found  that  by  diminish- 
ing colloid  content  of  the  blood,  urinary  secretion  can  be  obtained  at 
as  low  a  pressure  as  13  mm.  of  mercury. 

Sodium  chlorid  diuresis.  When  sodium  chlorid  is  taken  by  mouth  in 
excess  it  may  be  excreted  a,  in  increased  concentration  but  without 
diuresis;  b,  in  normal  concentration  with  diuresis;  or  c,  with  decreased 
concentration  and  diuresis.  What  happens  probably  depends  on  the 
concentration,  at  the  time,  of  sodium  chlorid  and  the  amount  of  water  in 
the  blood  and  tissues  of  the  organism.  The  concentration  of  other  sub- 
stances is  also  of  importance. 

The  response  to  salt  intake  is  extremely  important  in  certain  types 
of  nephritis  in  which  the  salt  and  water  content  of  tissues  is  already 
disturbed.  Additional  salt  under  these  conditions  usually  leads  to 
dropsy  and  control  of  salt  intake  is  important  in  the  control  of  dropsy 
(Widal  and  Javal).  The  recent  work  of  Haldane  and  Priestley  is  im- 
portant in  that  it  shows  that  water  taken  by  mouth  in  excess  does  not 
result  in  demonstrable  dilution  of  the  blood,  whereas  following  the 
ingestion  of  the  same  quantity  of  Ringer's  solution  dilution  can  be 
shown." 

Water  diuresis.  Distilled  water  administered  intravenously  does  not 
lead  to  immediate  diuresis  (Thompson).  It  quickly  leaves  the  blood 
stream,  owing  to  the  higher  osmotic  pressure  of  the  cells  of  the  body, 
which  causes  it  to  be  taken  up  by  the  tissues.  Larger  quantities  lake 
the  blood.  Similarly,  subcutaneous  injection  is  not  followed  by  diuresis 
for  the  same  reason  (Ginsburg  and  Cow).  Polyuria  usually  appears 
within  a  few  hours  following  the  ingestion  of  water  bj'^  mouth  in  excess 
of  from  10  to  15  cc.  for  each  kilogram  (Hashimoto). 

As  already  indicated,  the  most  important  factor  affecting  the  urinary 
output  i.s  the  intake  of  water.  When  large  (luautities  of  water  are 
ingested  by  mouth,  profuse  excretion  of  very  dilute  urine  follows.  As 
much  may  be  passed  in  an  hour  as  is  ordinarily  voitled  in  24  hours. 
How  is  thiH  effected?  No  adequate  explanation  has  been  given.  The 
inference  is  that  water  is  absorbed;  the  absorption  results  in  hydremia, 
which  in  turn  results  in  diuresis.  This  appears  rational  at  least,  but 
Haldane  and  Priestley  failed  to  demonstrate  any  change  in  the  concen- 
tration of  the  hemoglobin  of  the  blood  following  the  ingestion  of  water 
up  to  5.5  litres  in  (3  hours,  which  resulted  in  a  urinary  secretion  as  high 
OS  1200  cc.  in  1  hour,  probably  the  greatest  diuresis  ever  observed  in  nmn 

'*  Ringer'f  solution  practically  Rpcnking  is  optiimil  fluid. 
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under  normal  conditions.  They  conclude  that  no  demonstrable  dilu- 
tion of  the  blood  accompanied  the  iparked_diuresis  occurring  after  the 
ingestion  of  huge  quantities  of  water.  Priestley,  however,  in  other 
experiments,  succeeded  in  demonstrating  a  very  slight  decrease  in  the 
electrical  conductivity  of  the  blood  and  believes  that  the  sUght  diminu- 
tion in  electrical  conductivity  indicates  very  slight  decrease  in  salt  con- 
centration of  the  blood  and  that  the  kidney  is  extraordinarily  sensitive 
to  changes  in  concentration  of  the  blood.  He  likens  the  response  of  the 
kidney  to  slight  dilution  of  the  blood  to  the  marked  increase  in  ventila- 
tion of  the  lungs  resulting  from  extremely  small  changes  in  the  carbon 
dioxid  content  of  the  blood.  This  may  be  so;  however,  ii  has  not  been 
proved  as  yet.  Fischer  explains  diuresis  as  a  result  of  an  excess  of 
free  water  being  brought  to  the  kidney.  Cow,  failing  to  find  any 
adequate  explanation  for  the  differences  in  the  diuresis  from  water, 
when  it  is  given  Iwpodermically  and  by  mouth,  has  suggested  that  in 
the  latter  case  an  enzyme  from  the  alimentary  tract  comes  into  play. 
Adolph  believes  that  water  held  by  the  tissues  is  distinct  from  water 
freely  absorbed  from  the  alimentary  tract.  Whatever  the  mechanism 
may  be,  this  poljoiria  can  be  prevented  by  the  administration  sub- 
cutaneously  of  a  small  amount  of  the  extract  of  the  posterior  lobe  of  the 
hypophysis. 

In  diuresis  from  water  ingestion  the  percentage  of  urinary  solids  is 
largely  reduced  but  the  absolute  quantities  over  short  periods  of  time 
and  usually  the  total  excretion  tend  to  increase.  The  various  solids 
however,  do  not  increase  in  the  same  proportion  (MacCallum  and 
Benson,  Marshall,  Carr). 

The  secretion  of  urine  more  dilute  than  plasma  is  another  matter 
difficult  of  explanation.  This  fact  is  constantly  utilized  to  disprove 
Ludwig's  theory  of  urinary  secretion  and  to  support  the  idea  of  specific 
secretion  of  urine.  It  is  difficult  to  conceive  of  a  urine  more  dilute 
than  glomerular  filtrate  (deproteinized  plasma)  resulting  from  a  mecha- 
nism involving  filtration  of  deproteinized  plasma  and  subsequent 
reabsorption  of  Einger's  solution  by  the  tubules.  Burian  believes  that 
the  glomeruli  secrete  a  very  dilute  solution  after  large  amounts  of  water 
and  Frey  that  the  glomerular  solution  is  unchanged  but  that  the  tubules 
secrete  water  in  addition.  Cushny,  however,  believes  that  the  explana- 
tion is  not  difficult.  He  states  that  water  is  absorbed,  enters  the  blood 
as  a  dilute  saline  solution,  and  is  rapidly  carried  to  the  kidneys  "where 
it  is  filtered  off  in  a  form  slightly  more  dilute  than  the  optimal  fluid; 
that  the  subtraction  of  the  latter  in  the  tubules  leaves  water  containing 
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urea  and  the  other  'no  threshold'  substances  and  that  such  'threshold' 
bodies  as  are  above  the  threshold,  potassium,  uric  acid  and  almost  all  of 
the  chlorid,  are  reabsorbed  in  the  fluid,  but  some  escape."  He  illustrates 
this  by  a  h\T)othetical  example,  which,  however,  involves  a  10  per  cent 
dilution  of  plasma  which  he  admits  is  far  bej'ond  the  actual  dilution 
ever  encountered  in  the  plasma.  Thus  it  is  seen  that  much  concerning 
renal  secretion  still  awaits  solution. 

Explanations  involving  the  physiology  of  ordinary  diuresis  from  water 
must  precede  those  dealing  with  abnormal  or  pathologic  forms  of 
diuresis.  MacCallum  has  obtained,  in  man,  a  diuresis  of  20  cc.  a 
minute;  Priestley,  one  at  the  rate  of  1200  cc.  an  horn*  from  water. 
Priestley  intimates  that  this  rate  of  elimination  results  in  strain  and  con- 
sequently cannot  be  sustained.  Yet  Trousseau  records  a  case  of  dia- 
betes insipidus  in  which  the  patient  voided  43  litres  of  urine  a  day. 
Enormous  quantities  of  urine,  15  to  25  litres  a  day,  may  be  excreted  for 
days,  weeks,  months  or  years  by  persons  suffering  from  this  disease 
without  the  manifestation  of  fatigue  on  the  part  of  the  kidney,  and 
without  evidence  of  renal  insufficiencj'.  In  the  prmiary  type  of  this 
disease,  pathologic  conditions  cannot  be  demonstrated.  Attempts  to 
demonstrate  dilution  of  plasma  by  cryoscopy  have  yielded  discordant 
results,'^  as  have  also  attempts  to  show  increase  in  the  volume  of  blood 
(Larson,  Weir,  and  Rowntree).  Consequently,  we  are  forced  to  the 
conclusion  that  no  adequate  explanation  has  been  given  for  diuresis 
following  the  drinking  of  water,  for  the  polyiu^ia  of  the  diabetes  insipidus, 
or  for  the  antidiuretic  effect  of  pituitary  extract. 

Water  in  the  feces.  Under  ordinary  conditions  the  water  of  the  feces 
rarely  amounts  to  more  than  200  cc.  in  health.  Usually  it  is  between 
60  and  150  cc.  On  a  vegetarian  diet  it  may  reach  300  cc.  a  day.  Occa- 
sionally attacks  of  diarrhea  develop,  for  a  day  or  so,  resulting  in  a 
doubling  or  trebling  of  this  amount.  But  on  the  whole  in  health  the 
amount  is  small  and  fairly  constant. 

Water  requirements  of  the  body.  For  continuous  health  the  water  intake 
of  the  body  must  suffice  to  keep  the  water  content  at  the  level  for  maxi- 
mum efficiency,  from  the  physiologic  viewpoint,  irrespective  of  tiie  loss 
of  water  by  the  various  chnnnols  of  exciction.  The  important  dctermi- 
nantfl  have  been  presented.    This  necoHsitates  an  intake  large  enough  to 

"  It  is  pOMiblc  that  pituitary  nxtrurt  chiiDKCH  llu*  rulutivc*  otiso  with  wliioh 
WAter  paWM  from  tho  blocxl  stream  to  the  tisnucfl,  on  tlio  one  hand,  or  to  tho 
kidneys  on  the  other,  or  that  it  afforts  the  rnt<!  of  itn  rcahHorpticm  in  the  tubules 
of  the  Icidney. 
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replenish  the  store  as  losses  occur.  Additional  water  is  required  during 
childhood  for  the  building  up  of  tissues.  Its  importance  in  infancy- 
can  be  seen  from  the  following  data  from  Reusing. 

On  the  breast,  the  intake  the  first  day  is  38  cc.  and  the  urinary  out- 
put 8.4  cc,  while  on  the  eighth  day  the  intake  is  338  cc.  and  the  output 
208  cc.  In  artificial  feeding,  the  water  intake  is  usually  larger,  the 
amount  the  first  day  being  96  cc.  and  the  urinary  output  36  cc;  the 
intake  on  the  eighth  day  is  530  cc.  and  the  output  406  cc. 

There  still  remains  for  consideration  the  effects  on  the  organism  of 
water  restriction  or  deprivation,  of  water  withdrawal  from  the  tissues, 
and  of  excessive  water  ingestion. 

The  effects  of  water  deprivation.  As  has  been  intimated,  the 
body  need  of  water  is  indicated  by  thirst.  According  to  McGee,  thirst 
may  be  divided  into  five  stages: 

1.  The  mouth  and  throat  become  dry;  a  longing  for  liquid  is  easily 
assuaged  by  ingestion  of  fluids. 

2.  The  saliva  and  mucus  in  the  mouth  and  throat  become  scant  and 
sticky;  the  tongue  clings  to  the  teeth  or  to  the  roof  of  the  mouth;  there 
is  a  lump  in  the  throat  and  endless  swallowing;  this  stage  is  also  greatly 
relieved  by  water. 

3.  The  eye  lids  stiffen  over  the  eyeballs  which  set  in  a  sightless  stare. 

4.  The  distal  end  of  tho  tongue  hardens  to  a  dull  weight. 

5.  Delirium  develops  with  visual  illusions  of  lakes  and  running 
streams. 

Drynegs  of  the  mouth  is  very  striking.  Reference  has  been  made  to 
King's  report  on  the  degree  of  dryness  of  the  mouth.  Suffering  was 
intense  and  those  who  survived  did  so  by  drinking  th«ir  own  urine  or 
horses'  blood.  ^ 

Thirst  is  more  difficult  to  endure  than  hunger.  Yiterbi,  an  Italian 
political  prisoner,  who  died  as  a  result  of  refraining  from  food  and  water 
for  18  days,  suffered  but  little  from  hunger  after  the  first  day  but  ex- 
perienced terrible  thirst  until  the  end.'* 

The  period  that  life  can  be  tolerated  without  water  varies  tremen- 
dously, depending  largely  on  environmental  conditions  and  muscular 
activity.  Thus  in  the  desert,  when  evaporation  is  extreme,  death 
occurs  as  a  rule  in  from  36  to  72  hours.  An  instance  is  described  in 
which  a  Mexican,  lost  in  the  desert,  walked  and  crawled  150  miles 

^*  According  to  Hertz,  The  Sensibility  of  the  Alimentary  Canal,  London,  1911, 
there  comes  a  time  (case  quoted)  at  which  neither  thirst  nor  hunger  causes 
distress. 
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for  a  period  of  7  days.  He  sustained  life  in  part  by  drinking  his  own 
secretions. 

Animals  have  borne  complete  starvation  from  water  and  food  as  long 
as  28  days  with  recover^'.  One  of  Poletayeff's  dogs  survived  22  days 
without  water  with  47  per  cent  loss  of  weight,  and  succumbed  in  a  sub- 
sequent starvation  only  after  a  loss  of  60  per  cent  body  weight.  At 
necropsy,  fat  was  still  found  in  the  neck  and  in  the  abdominal  wall  and 
cavity.  A  rabbit  survived  8  days'  complete  starvation,  and  lost  32 
per  cent  body  weight.  After  7  days  it  was  again  starved,  and  died  on 
the  tenth  day  with  40  per  cent  loss  of  weight.  Groll  has  shown  that 
with  complete  starvation  the  hemoglobin  may  increase  prior  to  death 
13  per  cent  in  rabbits,  28  per  cent  in  cats,  and  18  per  cent  in  dogs. 

Keith  deprived  dogs  of  water  and  food  over  periods  of  from  2  to 
4  weeks.  Blood  and  plasma  estimations  on  these  animals  showed  a 
definite  decrease  in  the  amount  of  circulating  blood.  Associated  with 
this  diminished  blood  volume  there  was  an  increased  viscosity  of  the 
whole  blood.  The  viscosity  of  the  plasma  may  or  may  not  be  in- 
creased. Partial  restoration  of  blood  volume  followed  the  giving  of 
water  by  mouth.  With  the  addition  of  food  to  the  water  ration  the 
volume  of  blood  appeared  to  increase  more  steadily.  With  this  partial 
restoration  of  the  blood  volume,  there  was  a  dilution  of  the  previous 
concentrated  blood  which  was  evidenced  by  a  lower  viscosity  and  a 
decrease  in  the  concentration  of  the  chlorid  and  nitrogen  in  the  plasma. 
Some  interesting  changes  were  also  noted  in  the  hemoglobin  and  red 
cell  content  of  the  blood  during  these  striking  volume  changes. 

Withdrawal  of  water  from  the  tissues.  In  1899,  Crandall  described 
febrile  attacks  M  infancy,  occurring  in  inanition,  which  he  showed  to 
be  due  to  thirst  and  which  disappeared  on  the  administration  of  water. 
Finkelstein,  in  1908,  described  fever  in  children  resulting  from  the  ad- 
ministration of  hypertonic  lactose  solution  (12.5  per  cent)  and  also  from 
salt  and  glucose  athninistration,  conditions  which  have  since  been  re- 
ferred to  as  salt  or  sugar  fevers.  Subsequent  workers,  Heim  and  John 
and  Peteri,  interpret  salt  fever  as  resulting  from  desiccation  and  de- 
creancd  cvaf>oration  of  water  due  to  the  hydropigenous  or  edema  pro- 
ducing action  of  salt  in  the  blood.  Peteri  found  that  the  height  of  the 
fever  attained  was  in  inverse  ratio  to  the  body  weight.  Woodyatt  and 
his  collaborators  have  succeeded  in  producing  gkicose  fever  in  a(hilt 
humans  and  in  dogs  through  the  intravenous  administration  of  con- 
centrated solutions  of  glucose.  In  man,  difficulty  was  encountered  in 
eliciting  the  hyixTthcnnia  with  singh;  doHcs  of  glucose.     But  they 
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determined  that  it  could  be  produced  readily,  provided  a  period  of 
starvation  preceded  the  glucose  administration. 

Woodyatt,  utilizing  his  method  of  constant  rate  of  injection,  has 
produced  fever  up  to  125. 6°F.  with  glucose  and  up  to  111°F.  with  salt 
and  lactose.  He  ascribes  the  hyperthermia  to  water  deprivation,  since 
he  has  prevented  fever  by  administering  water  in  experiments  in  which 
he  gave  10  grams  an  hour  for  each  kilogram  for  a  period  of  7  hours. 
By  producing  fever  with  crystalloids,  he  excluded  combustion  of  sugar 
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Fig.  2.  Average  half-hour  rate  of  secretion  of  urine  in  dogs  under  normal 
conditions,  after  water,  and  after  water  and  pituitary  extract:  (a)  before  sec- 
tion of  the  renal  nerves  (six  dogs)  and  (b)  after  section  of  the  renal  nerves  (four 
dogs). 


as  the  cause;  by  preventing  convulsions  with  anesthesia,  he  excluded 
convulsions  as  the  cause;  and  by  producing  fever  in  dogs  rendered 
poikilothermic,  he  excluded  action  on  the  heat  centers  as  the  cause. 
Accepting  Fischer's  conception  of  "bound"  and  "free"  water,  he  holds 
that  generally  purely  physico-chemical  processes  rob  the  tissues  of  free 
water  and  disturb  the  equilibrium  between  free  and  boxmd  water. 
Similarly,  he  feels  that  febrile  diseases  such  as  typhoid  fever  and 
pneumonia  may  well  be  the  result  of  free  water  deficit,  due  to  the 
abnormal  binding  capacity  of  the  colloids,  and  cites  the  familiar  diuresis 
accompanying  the  crisis  of  pneumonia  or  edema  as  disturbed  water 
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metabolism.  He  looks  on  fever,  as  Fischer  does  on  edema,  as  due  to 
physico-chemical  changes  in  colloids  resulting  in  abnormal  water  bind- 
ing. Barr  and  DuBois  have  pointed  out  that  the  relationship  be- 
tween the  percentage  of  calories  lost  through  the  vaporization  of 
water  and  the  total  heat  ehmination  is  the  same  in  patients  with  fever 
as  in  normal  controls  and  in  patients  with  various  afebrile  diseases. 

The  effects  of  excessive  ingestion:  water  intoxication. 
Through  thirst  the  intake  of  water  is  regulated  to  the  body  needs. 
As  a  rule,  the  amount  exceeds  the  absolute  need.  Unless  the  intake  is 
greatly  in  excess,  it  is  readily  excreted  by  the  kidneys  and  in  a  less 
amount  by  the  skin. 

In  diabetes  insipidus,  the  water  balance  is  set  at  a  level  higher  than 
normal.  The  level  can  be  lowered  immediately  by  the  subcutaneous 
administration  of  the  extract  of  the  posterior  lobe  of  the  hypophysis 
(Von  der  Velden  and  Farini).  Subsequent  to  the  use  of  the 
extract  the  ingestion  of  water  in  the  large  amounts  to  which  the  patient 
has  become  accustomed  results  in  marked  toxicity.  Larson,  Weir  and 
Rowntree  observed  patients  who  developed  headaches,  nausea,  asthenia, 
incoordination,  marked  sweating  and,  in  one  instance,  mild  subcutane- 
ous edema  under  these  conditions.  These  findings  are  in  accord  with 
those  of  Miller  and  WilUams.  Patients  with  chronic  nephritis  and 
hypertension,  to  whom  they  administered  water  up  to  10  litres  a  day, 
developed  headache,  dizziness,  restlessness,  chills,  fullness  of  the 
abdomen,  vomiting,  dyspnea  and  cramps  in  the  legs,  marked  increase 
in  weight,  and  increase  in  blood  pressure. 

Water  intoxication  was  produced  in  dogs  by  Larson,  Weir  and 
Rowntree  through  the  administration  of  large  amounts  of  water  by  the 
stomach  tube  subsequent  to  subcutaneous  administration  of  extract  of 
the  posterior  lobe  of  the  pituitary  gland  sufficient  to  prevent  the  devel- 
opment of  polyuria."  The  ingestion  of  largo  quantities  of  water  at 
hourly  intervals,  50  cc.  for  each  kilogram,  subso(iucnt  to  3  cc.  pituitary 
extract,  resulted  regularly  in  the  development  of  the  following  train  of 

»*  The  hiiitory  of  the  development  of  our  conceptions  relative  to  the  r61e  of 
pituitary  extract  and  the  function  of  the  posterior  lobe  is  of  singular  interest. 
Scbafer  and  hia  oo>workers  called  attention  to  the  diuretic  properties  of  the 
extraei  of  the  poaterior  lobe.  The  work  was  conducted  on  animals  under  the 
iafluence  of  aneathetics.  FoUowinK  this  a  chemical  conception  arose  involving 
dJabataa  inaipiduaresultinK  from  undorfiinction  of  the  pituitary  (posterior  lobe). 
Subiequently  Von  dor  Velden  and  Furini  independently  discovered  its  anti- 
diuretic influence  in  dialietes  innipidus.  The  extract  temporarily  removes  all 
the  cardinal  lymplonu)  of  this  disease. 
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symptoms:  asthenia,  restlessness,  frequency  of  urination,  diarrhea, 
nausea,  retching,  vomiting,  tremor,  salivation,  muscle  twitching, 
ataxia,  convulsions  tonic  and  clonic,  frothing  at  the  mouth,  and  stupor 
or  coma.  Death  ensued  when  water  administration  was  continued 
after  the  onset  of  the  convulsions,  whereas  complete  recovery  resulted 

TABLE  9 
Water  intoxication 


WATEB 
INTAKE 


TBMPEBA- 
TUBE 


Dog  E804 


kgm. 

cc. 

'C. 

8:45  a.m. 

5.7 

300 

98.0 

(After  water  starvation  for  2  days) 

9:15  a.m. 

300 

9:45  a.n). 

300 

10:15  a.m. 

300 

10:45  a.m. 

300 

11:15  a.m. 

300 

Salivation,  vomiting 

11:45  a.m. 

6.2 

300 

98.0 

. 

12:15  p.m. 

300 

Twitching,  vomiting 

12:45  p.m. 

300 

Ataxic 

1:15  p.m. 

300 

1:45  p.m. 

6.4 

300 

98.0 

Convulsions  lasting  two  minutes 

1:50  p.m. 

Stomach   emptied   with   tube;   about 
200  cc.  fluid  obtained 

Rabbit  3 


9:30  a.m. 

1.7 

100 

97.9 

Distilled  water  at  body  temperature 

10:15  a.m. 

100 

11:15  a.m. 

100 

11:45  a.m. 

100 

12:00  m. 

2.1 

Salivated;  ataxic  convulsions  lasting 
two  minutes 

12:15  p.m. 

2.1 

98.0 

1:05  p.m. 

2.1 

Found  dead 

within  12  hours  in  a  large  proportion  of  the  animals  if  no  more  water 
was  given.  Pituitary  extract  prevents  the  development  of  marked 
diuresis  as  indicated  in  the  preceding  chart. 

Rowntree  has  since  succeeded  in  inducing  water  intoxication  in 
various  animals  without  the  use  of  pituitary  extract.  In  dogs,  the 
administration  by  stomach  tube  of  50  cc.  for  each  kilogram  of  body 
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weight  at  half-hourly  intervals  results  regularly  in  nausea,  vomiting, 
salivation,  convulsions,  stupor,  and  coma  within  4  to  8  hours;  death 
ensues  if  water  administration  is  continued  after  the  onset  of  convul- 
sions. Cats,  rabbits,  and  guinea  pigs  are  similarly  affected  by  water 
(table  9). 

This  intoxication  results  from  ingestion  of  ordinary  drinking  water 
or  distilled  water,  irrespective  of  temperature.  Although  the  quanti- 
ties given  are  excessive,  the  amount  absorbed  is  definitely  limited. ^^ 
The  intoxication  is  not  accompanied  by  significant  changes  in  body 
temperature,  by  edema,  or  by  constant  or  marked  increase  in  plasma 
volume.  The  blood  pressure  is  somewhat  increased  and  may  reach  as 
as  high  as  200  mm.  of  mercury  during  the  actual  convulsions.  Intra- 
cerebral pressure  in  one  experiment  was  found  to  be  increased  to  an 
amount  corresponding  to  that  of  35  cc.  of  water,  and  this  increase 
was  not  in  amount  proportional  to  or  parallel  to  the  increase  of  blood 
pressure. 

The  convulsions  are  cerebral  in  origin  and  of  extreme  violence  at  times; 
they  last  from  one  to  ten  or  fifteen  minutes.  They  may  be  tonic  but 
are  usually  clonic  in  character  and  they  are  apt  to  recur  at  intervals. 
In  the  interim,  the  animal  presents  a  state  of  stupor  or  coma  with  marked 
muscular  flaccidity,  extreme  asthenia,  and  abject  helplessness.  Hyper- 
tonic salt  solution  administered  intravenously  after  the  onset  of  early 
evidences  of  toxicity,  prevents  the  onset  of  convulsions  and  coma. 
Necropsy  reveals  no  gross  changes. 

"  The  organism  possesses  some  mechanism  whereby  it  protects  itself  from 
too  great  absorption  of  water.  In  numerous  animals  (dogs,  cats,  and  rabbits), 
following  the  administration  of  large  quantities  of  water  by  the  stomach  tube, 
only  relatively  small  quantities  of  water  were  absorbed  as  indicated  by  the  weight. 
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It  is  obviously  impossible  within  the  limitations  of  this  review  to 
present  a  truly  comprehensive  account  of  a  characteristic  body-fluid  such 
as  the  cerebrospinal  liquid.  During  the  last  century  many  contribu- 
tions to  our  knowledge  of  this  fluid  have  been  made,  though  rather 
sporadically  and  with  long  intervals  between  publications.  Anatomists, 
physiologists,  pathologists  and  other  workers  have  studied  the  problems 
of  this  fluid;  the  proper  presentation  of  the  many  phases  of  the  subject 
would  lead  into  all  of  the  representative  biological  sciences.  But  during 
the  past  two  decades  contributions  of  a  physiological  and  anatomical 
nature  have  resulted  in  definite  enlargement  of  our  conceptions  of  this 
fluid  which  so  completely  fills  the  cerebral  ventricles  and  surrounds  the 
central  nervous  system.  It  is  largely  with  these  more  recent  advances 
in  knowledge  that  this  review  will  deal,  taking  from  the  older  literature 
only  those  contributions  which  have  founded  the  essential  bases  of  the 
biological  processes  of  the  cerebrospinal  fluid.  It  is  purposed  to  omit 
in  large  measure  the  exact  chemical,  pathological  and  serological  aspects 
of  the  subject  except  as  the  data  from  these  investigations  aid  in  estab- 
lishing the  fundamental  anatomical  and  physiological  phenomena  which 
have  to  do  with  this  fluid.  For  in  this  problem,  as  in  many  others,  it 
has  seemed  obvious  that  the  furtherance  of  investigations  upon  function 
has  depended  largely  upon  equivalent  advance  in  anatomical  knowledge. 

The  cerebrospinal  fluid,  as  first  effectively  described  by  Magendie 
(48),  is  a  clear  hmpid  hquid  of  low  specific  gravity  (1.004  to  1.006), 
colorless,  and  of  a  slight  but  definite  viscosity.  When  withdrawn  during 
life,  the  liquid  usually  contains  but  few  cells  per  cubic  millimeter  (less 
than  10)  but  in  many  pathological  conditions  its  cell-content  may  be 
enormously  increased.  Various  estimates  of  the  amount  of  the  fluid 
existing  in  the  cerebral  ventricles  and  about  the  nervous  system  in 
adult  man  have  been  published;  the  computation  of  100  to  150  grams 
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given  bj^  Testut  (65)  is  probably  the  most  reliable,  but  because  of  the 
complexities  of  the  fluid-bed  the  figures  should  necessarily  be  taken  as 
an  approximation. 

Chemical  examinations  have  demonstrated  that  the  cerebrospinal 
fluid  contains  small  quantities  of  inorganic  salts,  of  protein  and  of 
dextrose.  The  inorganic  salts  are  chieflj'^  sodium  chloride  and  potas- 
sium chloride;  these  occur  in  the  ratio  of  17.3  to  1,  according  to  Mestre- 
zat  (50),  whose  monograph  is  a  compendium  of  analyses  of  both  normal 
and  pathological  fluids.  The  average  pH  value  is  given  by  Felton, 
Hussey  and  Bayne-Jones  (27)  as  7.75,  with  maximum  variations  of  7.4 
and  7.9.  Such  chemical  and  physical  characters  induced  Halliburton 
(37)  to  term  the  cerebrospinal  fluid  "an  ideal  physiological  saline  solu- 
tion," bathing  the  neurones  and  maintaining  their  osmotic  equilibrium. 

This  liquid,  then,  of  distinctive  constitution,  unlike  other  body-fluids 
(except  the  aqueous  humor  of  the  eye)  becomes  the  subject  of  review. 
Definite  conceptions  regarding  its  circulation  are  current,  for  the  evi- 
dence today  points  to  a  constant  production  of  the  fluid,  its  passage 
through  the  cerebral  ventricles  and  thence  throughout  the  subarachnoid 
space,  and  its  subsequent  major  absorption  into  the  venous  system. 
Necessarily,  however,  these  conceptions  must  be  subjected  to  critical 
analysis,  to  determine  the  character  and  reliability  of  the  data  support- 
ing these  viewpoints.  For  this  purpose  it  becomes  essential  to  arrive 
at  some  understanding  of  the  anatomical  mechanisms  involved  and  to 
ascertain  the  functional  employment  of  these  structures  as  pathways  for 
the  cerebrospinal  fluid.  Such  a  discussion,  while  in  no  way  comprehen- 
sively covering  the  problems  of  the  cerebrospinal  fluid,  will  present  at 
least  in  part  the  phases  of  the  subject  which  have  in  recent  years  been 
most  extensively  investigated. 

THE   SOURCES   OF  THE   CEREBROSPINAL   FLUID 

The  description  of  the  glandular  histological  structure  of  the  clioroid 
plexuses  by  Faivre  (25)  in  1853  marked  the  discarding  of  the  older  con- 
cept of  Hallcr  and  Magcndic  tliat  the  (•(Mohrospinal  fhiid  was  a  product 
of  the  Icptoincningcs  (particularly  of  the  pia  mater).  Faivre  made  the 
first  hJHtological  survey  of  these  villous  projections,  showing  that  the 
cell  covcringH  wore  epithelial  in  nature  and  that  there  were  indications  of 
secretory  activity  in  these  cells.  Faivn^'s  observations,  supported  by 
similar  histological  descriptions  of  hyaline-like  inclusions  by  Luschka 
(47)  in  1855,  gave  origin  to  tin*  liyi)otliesis  that  the  choroid  plexuses 
elaborate  the  greater  portion  of  the  cercbro.'<i>i"''l  Hnid ;  this  has  remained 
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the  hypothesis  upon  which  most  of  the  investigations  regarding  the 
source  of  this  peculiar  body-fluid  have  been  based. 

The  purely  histological  evidence  presented  in  support  of  this  hypoth- 
esis, while  suggestive,  lacks  the  element  of  conclusive  proof,  though 
for  many  years  accepted  without  question.  During  the  past  twenty 
years,  however,  renewed  attempts  with  finer  histological  and  cytological 
methods  have  been  made  to  bridge  the  gap  between  intracellular  secre- 
tion-granules (vacuoles)  and  the  actual  production  of  the  liquid  sur- 
rounding the  cells.  Thus,  Findlay's  (28)  description  of  the  granular 
structure  of  the  normal  epithelial  cells  of  the  plexus,  with  frequent  in- 
clusions of  slightly  pigmented  globules  representing  the  fusion  of  smaller 
elements  and  staining  with  osmic  acid,  is  quite  typical  of  the  purely 
histological  demonstration  of  secretion.  Studnicka  (64)  obtained  some- 
what similar  evidence  of  secretion  by  the  cells  of  the  plexus  and  by  the 
ependymal  cells  of  certain  areas.  Pettit  and  Girard  (55)  found  hyaline- 
like globules,  similar  to  those  described  by  Luschka,  in  the  cells  of  the 
plexuses  in  a  comprehensive  series  of  animals  but  did  not  feel  that  they 
represented  secretion-vacuoles.  Loeper  (46),  working  on  the  plexuses 
in  man,  described  pigmented  granules  and  other  granules  within  vacuoles 
staining  with  osmic  acid ;  he  stated  that  he  believed  that  such  histological 
findings  permitted  him  to  assert  that  the  cells  of  the  choroid  plexuses 
are  glandular.  Employing  methods  of  supravital  staining  in  addition 
to  the  ordinary  histological  procedures,  Schlapfer  (61)  concluded  that  the 
protoplasm  of  the  cells  of  the  choroid  plexus  contained  "  globoplasten" 
surrounded  by  a  lipoid-like  capsule;  his  histological  findings  offer  but 
little  additional  support  for  his  assertion  that  the  choroid  plexuses  se- 
crete the  cerebrospinal  fluid.  Galeotti's  (35)  description  in  rabbit  and 
mouse  of  three  different  intracellular  inclusions  (hyaline  droplets,  fuch- 
sinophilic  granules  and  small  basophilic  plasmosomes)  afforded  evidence 
of  cell-activity  by  the  choroidal  epithelium  but  did  not  demonstrate  the 
elaboration  of  the  liquid  by  these  structures.  The  same  statement  may 
be  made  of  Francini's  (32)  differentiation  of  two  forms  of  secretion- 
phenomena  in  these  cells — droplets  formed  in  the  cytoplasm  and  gran- 
ules derived  from  the  cell-nucleus.  Engel's  (23)  demonstration  of  a 
fuchsinophilic  granule  and  a  basophilic  granule  staining  with  methyl 
green  is  purely  histological  evidence  of  intracellular  inclusions  but  the 
great  variability  in  position  of  the  granules  can  hardly  be  interpreted 
as  indicating  different  phases  in  the  secretion-process.  And  there  is 
likewise  no  conclusive  proof  of  function  in  Hworostuchin's  (41)  descrip- 
tion of  the  changes  in  form  of  the  mitochondria  of  the  choroidal  epithe- 
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lium  as  showing  that  the  cells  play  an  active  role  in  the  elaboration  of 
cerebrospinal  fluid.  Yoshimura  (80),  in  a  histochemical  investigation 
of  the  cells  of  the  plexus,  believed  that  the  complicated  process  of  secre- 
tion of  the  cerebrospinal  fluid  was  related  to  the  aggregation  of  the 
smaller  cj'toplasmic  granules  together  into  larger  vacuoles  for  discharge. 
Pellizzi's  (54)  hypothesis  that  the  epithelial  cells  of  the  plexuses  secreted 
gi'anules  which  increased  in  size  by  absorption  of  the  fluid-plasm  until 
extruded,  was  based  on  a  comprehensive  study  of  the  plexuses  in  verte- 
brates and  may  likewise  be  considered  as  suggestive  support  of  the 
general  thesis. 

It  seems  clear  from  the  observations  just  detailed  that  while  the  many 
workers  upon  the  histological  structure  of  the  choroid  plexuses  have 
described  certain  granules  and  vacuoles  in  these  epithelial  cells,  there  is 
no  conclusive  evidence  that  these  intracellular  structures  constitute  the 
intracellular  mechanism  for  the  elaboration  of  cerebrospinal  fluid.  The 
difficulty  of  final  demonstration  that  these  granules  are  discharged  into 
the  fluid  or  are  in  some  way  dissolved  in  that  fluid,  cannot  at  present  be 
surmounted. 

But  fortunately  observations  of  a  far  more  conclusive  nature  have 
been  made  by  a  combination  of  pharmacological  and  histological 
methods.  Cappelletti  (9)  reported  in  1900  that  ether  and  pilocarpine 
increased  the  flow  of  cerebrospinal  fluid  from  an  experimental  fistula 
and  that  atropine  and  hyoscyamine  diminished  it.  While  considering 
that  the  diff'crences  in  vascular  reaction  to  these  drugs  might  account 
for  the  phenomena  observed,  Cappelletti  felt  that  the  action  of  pilo- 
carpine as  a  general  stimulant  of  gland-activity  justified  the  assumption 
that  there  was  a  true  acceleration  of  secretion  of  the  cerebrospinal  fluid. 
Pettit  and  Girard  (55)  extended  these  observations  of  Cappelletti  by 
introducing  histological  examinations  of  the  choroid  plexuses  in  animals 
wliich  had  Ix^cn  given  muscarin,  pilocarpine,  ether,  theobromine,  etc. 
The  administration  of  these  substances  was  found  to  increase  the  volume 
of  the  cytoplasm  of  the  choroidal  epithelium,  so  that  the  cells  became 
doublofl  in  height.  Histological  study  of  these  enlarged  elements,  both 
in  the  fresh  and  in  fixed  material,  showed  that  the  cells  were  dividcnl  into 
a  dcnwly  granular  basilar  zone  and  a  clear  apical  zone.  While  the  clear 
apical  area  was  indicated  in  the  resting  cell,  the  rapid  (MilargcMiuuit  of 
this  zone,  under  the  influence  of  nuiscarin,  ether  and  theobromine, 
rcHuIted  in  the  fonnation  of  a  distal  clear  vesicular  mass.  Suchndein- 
ori>l  ration  of  hiHtologieal  change  in  the  choroidal  epilheliimi  under 
the  innucnce  of  drugH  which  caused  an  increased  flow  of  cerebrospinal 
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fluid  from  a  fistula,  was  believed  by  Pettit  and  Girard  to  prove  conclu- 
sively that  the  choroid  plexuses  possessed  a  secretory  function  in  the 
elaboration  of  cerebrospinal  fluid. 

Meek  (49),  repeating  the  experiments  of  Pettit  and  Girard,  came  to 
identical  conclusions.  Muscarin  caused  no  change  in  the  choroidal 
epithelium  in  the  rat  but  in  the  rabbit  and  guinea  pig  definite  alterations 
were  recorded.  Meek  stated  (p.  300)  that  "the  two  things  most 
striking  about  these  modified  cells  are  their  great  increase  in  height  and 
the  appearance  of  so  much  clear  space  at  the  distal  side  of  the  nucleus." 

While  the  observations  just  quoted  definitely  relate  the  choroid 
plexuses  to  the  elaboration  of  cerebrospinal  fluid,  there  is  available  other 
substantiating  evidence  in  support  of  this  hypothesis.  It  had  long  been 
realized,  from  pathological  examinations  of  cases  of  obstructive  internal 
hydrocephalus,  that  the  cerebrospinal  fluid  must  be  at  least  in  part 
produced  by  some  intraventricular  structure.  In  this  relationship 
renewed  attention  was  directed  to  the  choroid  plexuses  by  the  discovery 
by  Claisse  and  Levy  (12)  in  1897  of  a  case  of  internal  hydrocephalus  asso- 
ciated with  hypertrophy  of  these  intraventricular  plexuses.  Dandy  and 
Blackfan  (17),  (18)  and  Frazier  and  Peet  (33)  gave  additional  support 
to  the  general  contention  when  they  experimentally  produced  an  internal 
hydrocephalus  by  occlusion  of  the  aqueduct  of  Sylvius.  Cushing's  (14) 
observation  of  an  exudation  of  a  clear  fluid  from  a  choroid  plexus  ex- 
posed in  exploration  of  a  porencephalic  defect  likewise  added  suggestive 
substantiation  of  the  hypothesis.  Somewhat  more  tangible  proof  of 
intraventricular  elaboration  of  the  fluid  was  afforded  by  the  writer's  (08) 
demonstration  that  a  definite  and  sustained  outflow  of  cerebrospinal 
fluid  could  be  obtained  by  catheterization  of  the  third  ventricle  through 
the  aqueduct  of  Sjdvius.  The  outflow  from  such  a  catheter  was  quite 
similar  in  amount  to  the  fluid  obtained  from  a  cannula  in  the  subarach- 
noid space;  the  finding  argues  strongly  for  the  belief  that  the  major 
portion  of  the  cerebrospinal  fluid  is  produced  within  the  cerebral  ven- 
tricles. But  Dandy's  (16)  later  experiments  constitute  dependable 
evidence  not  only  that  the  place  of  production  of  cerebrospinal  fluid  is 
intraventricular  but  that  the  choroid  plexuses  are  the  responsible  struc- 
tures. Dandy  was  able  to  produce  a  unilateral  internal  hydrocephalus 
by  obstructing  one  foramen  of  Monro;  extirpation  of  the  choroid  plexus 
in  such  an  obstructed  lateral  cerebral  ventricle  prevented  the  develop- 
ment of  an  internal  hydrocephalus.  Dandy's  experiment  furnishes 
the  strongest  single  substantiation  of  the  hypothesis  that  the  choroid 
plexuses  elaborate  the  cerebrospinal  fluid. 
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From  an  entirely  different  aspect,  also,  corroborative  evidence  in 
favor  of  the  choroidal  origin  of  the  cerebrospinal  fluid  is  found  in  em- 
brj'ological  obsen'ations  of  the  writer  (69).  In  a  study  of  the  develop- 
ment of  the  cerebrospinal  spaces  it  was  shown  that  the  first  extraven- 
tricular  expulsion  of  the  cerebrospinal  fluid  occurred  simultaneously 
with  the  fii*st  tufting  and  histological  differentiation  of  the  ependymal 
cells  to  form  the  choroid  plexuses. 

The  evidence,  then,  from  histological,  pharmacological,  pathological 
and  embrj'ological  standpoints,  surely  inclines  one  to  acceptance  of  the 
hypothesis  that  the  choroid  plexuses  of  the  cerebral  ventricles  largely 
elaborate  the  cerebrospinal  fluid.  It  does  not  seem  justifiable  to  accept 
the  evidence  from  any  one  standpoint  as  conclusive  for  many  of  the 
observations  recorded  are  corroborative  only.  Yet  the  general  histo- 
logical structure  of  these  plexuses,  the  cytoplasmic  inclusions,  and  the 
modification  of  the  cell-structure  by  phannacological  agents  offer  more 
than  suggestive  substantiation  of  the  contention.  The  pathological 
studies  of  cases  of  internal  hydrocephalus,  the  direct  observations  of  the 
"sweating"  choroid  plexus,  the  embryological  relationship  between 
differentiation  of  choroid  plexuses  and  extraventricular  spread  of  the 
ventricular  fluid,  and  particularly  the  experimental  investigation  of 
unilateral  hj^drocephalus,  when  considered  as  a  whole,  present  a  very 
strong  argument,  if  not  wholly  conclusive,  in  favor  of  the  view  that  the 
choroid  plexuses  are  the  elaborators  of  the  major  portion  of  the  cere- 
brospinal fluid.  It  does  not  seem  justifiable  to  discard,  as  Becht  (1) 
has  done,  all  of  the  evidence  in  favor  of  this  hypothesis  as  inconclusive. 
While  many  of  the  experimental  findings,  when  viewed  as  isolated 
observations,  may  he  explained  by  other  hypotheses,  the  great  mass  of 
data  cannot  be  interpreted  on  any  other  hypothesis  as  satisfactorily. 
Certain  of  Becht's  specific  objections  to  acceptance  of  the  theory  of 
origin  of  the  liquid  from  the  choroid  plexuses  have  been  answered  within 
the  last  year:  Wislocki  and  Putnam  (79)  demonstrated  by  histological 
methods  that  in  cases  of  experimental  internal  hydrocephalus  there  was 
ab8f)rption  of  foreign  solutions  through  the  epondymal  colls  lining  the 
ventricles  but  not  through  the  cells  of  the  choroid  plexus.  These  ob- 
eervations  were  confirmed  and  extended  by  Naftagas  (58),  who  showed 
by  similar  procedures  that  an  increased  intraventricular  absorption  of 
fluid  occurred  after  the  intravenous  injection  of  hypertonic  solutions  of 
sodium  chloride;  in  no  case  was  there  absorption  of  the  fluid  by  the  cells 
of  the  choroid  plextis.  With  this  evidence  in  hand,  it  seems  justifiable 
to  disregard  H'-'lit'"  mnfcntion  that  tho  (•••ll-ch.'mncs  in  tlir  choroid 
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plexuses,  reported  by  Pettit  and  Girard  and  by  Meek,  may  as  properly 
be  interpreted  as  indicative  of  absorption  as  of  secretory  activity. 

But  even  as  a  working  hypothesis,  the  choroid  plexuses  must  not  be 
considered  to  be  the  sole  elaborators  of  the  cerebrospinal  fluid.  Ana- 
tomical evidence  presented  by  the  writer  (68)  indicates  that  the  perivas- 
cular spaces  also  pour  a  certain  amount  of  fluid  into  the  subarachnoid 
space,  where  this  fluid  mixes  with  the  liquid  produced  in  the  cerebral 
ventricles.  Such  an  addition  to  the  cerebrospinal  fluid  probably  ac- 
counts for  the  reported  differences  between  subarachnoid  and  ventric- 
ular fluids  on  serological  and  chemical  analj^sis.  The  ependymal  cells 
lining  the  cerebral  ventricles  and  the  central  canal  of  the  spinal  cord 
may  also  contribute  even  in  the  adult  a  minimal  addition  to  the  intra- 
.  ventricular  cerebrospinal  fluid. 

Although  a  constant  elaboration  of  cerebrospinal  fluid  by  these 
mechanisms  is  indicated,  it  is  not  known  how  large  a  quantity  is  pro- 
duced in  any  given  time-interval  but  it  is  not  unlikely  that  the  majority 
of  computations  are  by  far  too  large.  Most  of  the  estimates  in  man 
have  been  based  on  the  amount  of  fluid  pouring  from  subarachnoid 
fistulae  (also  cases  of  cerebrospinal  rhinorrhea)  where  the  pressure, 
against  ,which  the  fluid  is  produced,  is  determined  solely  by  the  resist- 
ance of  the  abnormal  pathway.  The  same  lack  of  normal  conditions 
renders  unreliable  the  determinations  which  are  based  on  the  rate  of 
flow  from  experimental  cannulae  or  fistulae.  Estimations  of  the  produc- 
tion of  fluid  based  on  the  absorption  of  foreign  dyes  likewise  may  lead 
astray.  The  evidence  indicates,  however,  that  there  is  a  constant 
though  not  excessive  elaboration  of  the  cerebrospinal  fluid;  the  com- 
putations of  exact  quantities  thus  far  given  are  of  but  little  value. 

CIRCULATION   OF  THE   CEREBROSPINAL   FLUID 

The  cerebrospinal  fluid  produced  largely  by  the  choroid  plexuses  is 
poured  directly  into  the  cerebral  ventricles  which  are  lined  by  ectodermal 
ependymal  cells.  That  portion  of  the  fluid  formed  in  the  lateral  ven- 
tricles flows  through  the  foramina  of  Monro  into  the  third  ventricle  and 
thence  by  the  aqueduct  of  Sylvius  into  the  fourth  ventricle.  From  the 
fourth  ventricle  the  fluid  passes  out  into  the  subarachnoid  space;  there 
is  no  evidence  that  functional  communications  between  cerebral  ven- 
tricles and  subarachnoid  space  exist  elsewhere  than  in  this  region. 

The  exact  mode  of  escape  of  the  ventricular  cerebrospinal  fluid  from 
the  fourth  ventricle  into  the  subarachnoid  space  must  still  be  considered 
as  slightly  uncertain.     It  is  possible  that  the  inferior  velum  of  the  cere- 
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bellar  roof  in  the  adult  is  an  intact  though  functioning  membrane,  as  in 
the  embtyo;  the  existence  of  a  perforation  (the  foramen  of  Magendie) 
in  this  membrane  has  been  termed  an  artifact  because  of  the  dislocation 
of  structures  necessary  to  demonstrate  it  macroscopically  or  because  of 
the  shrinkage  of  tissues  in  embedding  for  histological  investigation.  The 
greater  weight  of  evidence  today  inclines  to  a  consideration  of  the  fora- 
men of  Magendie  as  a  true  anatomical  opening  in  the  velum — a  break 
in  the  epend>Tna  and  pia.  In  support  of  this  conception  of  a  true  fora- 
men between  fourth  ventricle  and  subarachnoid  space  may  be  quoted 
the  observations  of  Cannieu  (8)  and  of  Wilder  (78)  and  especially  the 
developmental  studies  of  Hess  (38)  and  of  Blake  (6).  Blake's  concep- 
tion of  the  formation  of  this  opening — a  shearing-off  of  the  base  of  a 
finger-like  evagination  of  the  rhombic  roof — is  rendered  more  certain. 
by  recent  morphological  studies  of  this  region.  The  two  lateral 
foramina — those  of  Luschka — connecting  the  lateral  recesses  of 
the  fourth  ventricle  with  the  subarachnoid  space,  seem  to  have  as 
established  a  basis  for  their  existence  as  does  the  medial.  It  is 
through  these  three  foramina — or  surely  in  the  region  of  the  inferior 
tela  choroidea  if  through  an  intact  membrane — that  the  cerebrospinal 
fluid,  produced  in  the  cerebral  ventricles,  passes  into  the  subatachnoid 
space. 

From  the  cisternal  dilatation  of  the  subarachnoid  space  in  the  region 
of  the  medial  cerebello-bulbar  angle  the  cerebrospinal  fluid  slowly  seeps 
downward  in  the  spinal  subarachnoid  space  but  passes  more  rapidly 
upward  about  the  base  of  the  brain  and  thence  more  slowly  over  the 
hemispheres,  surrounding  the  whole  central  nervous  system.  This 
movement  of  fluid  is  facilitated  by  impulses  transmitted  to  it  by  the 
vascular  system;  in  the  sjiinal  region  there  is  also  an  almost  equivalent 
passage  of  fluid  upward.  The  subarachnoid  space,  in  which  the  fluid 
circulates,  is,  according  to  current  anatomical  descriptions,  contained 
Ijetwcen  the  arachnoidea  and  the  pia  mater.  Such  a  description  does 
not  present  a  projjer  conception  of  these  fluid-containing  ciiannels,  for 
it  seems  far  preferable  to  consider  the  subarachnoid  space  to  be  intra- 
Icptomoningeal.  On  this  basis  the  arachnoid  may  be  described  as  the 
outer  continuous  membrane,  intact  and  (hiid-containing,  from  the  inner 
surface  of  which  project  numerous  delicate  trabeculae,  which  merge 
witli  the  pia  iiuiter.  The  surfaces  of  the  arachnoid  membrane  and  of  the 
trolx'culae  arc  covered,  oh  is  the  inner  surface;  of  the  dura  mater,  by 
flattened,  polygonal  nicKothelial  cells.  Identical  cells  also  clothe  the 
fUrfuce  of  the  brain  and  spinal  cord  to  form  the  essential  cell-covering 
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of  the  pia  mater.  All  structures  (blood  vessels,  nerves,  etc.)  traversing 
the  subarachnoid  space  are  likewise  covered  by  these  mesothelial  ele- 
ments. The  cerebrospinal  fluid,  hence,  is  contained  within  a  completely 
cell-Hned  system  of  continuous  yet  partially  interrupted  spaces  in  the 
meshes  of  the  arachnoid  trabeculae.  These  meshes  are  of  various  sizes, 
increasing  from  very  fine  reticular  spaces  over  the  cerebral  hemispheres 
to  more  widely  calibered  channels  in  the  cerebral  sulci  and  about  the 
spinal  cord,  and  reaching  their  maxima  in  the  cisternal  dilatations  about 
the  cerebello-bulbar  angle.  In  the  wide  channels  of  this  subarachnoid 
meshwork  the  cerebrospinal  fluid  is  obstructed  but  little  in  its  circula- 
tion, but  in  the  small  meshes  the  flow  of  the  liquid  is  slowed. 

Apart  from  their  established  function  as  eflficient  fluid-retainers,  the 
cells  lining  the  subarachnoid  space  are  of  great  interest  because  of  their 
changing  morphology  under  different  physiological  conditions.  The 
writer  (70)  first  noted  that  these  mesothelial  cells  phagocyted  carbon 
granules  introduced  into  the  subarachnoid  space  and  that  when  phagocy- 
tic, the  cells  increased  in  size.  Essick  (24)  then  showed  that  the  pres- 
ence of  foreign  material  (lakcd  blood,  granules,  etc.)  caused  these  cells 
to  become  enlarged,  vacuolated,  phagocytic  and  finally  detached  to 
form  free  macrophages  of  the  cerebrospinal  fluid. 

These  mesothelial  cells  likewise  have  importance  in  establishing  the 
relations  between  the  subarachnoid  and  the  perivascular  spaces,  for  there 
is  everywhere  in  the  central  nervous  system  a  distinct  fluid-containing 
space  about  each  of  the  perforating  blood  vessels.  The  cells  of  the  pia 
mater  turn  inward  to  form  an  outer  wall  of  such  a  perivascular  channel 
while  the  cells  of  the  arachnoid,  covering  the  vessel  as  it  traverses  the 
subarachnoid  space,  are  likewise  continued  inward  to  form  an  inner  cuff 
of  this  space.  Thus  each  blood  vessel  penetrating  the  nervous  system 
is  surrounded  by  a  cell-enclosed,  peri-advent itial  fluid-channel,  which 
communicates  directly  with  the  subarachnoid  space.  The  typical 
leptomeningeal  mesothelial  cell  of  this  channel  has  been  identified  for 
variable  distances  from  the  surface,  dependent  upon  the  caliber  of  the 
penetrating  vessel.  The  perivascular  fluid-channel,  when  the  mesothe- 
lial cell-cuff  ceases,  continues  inward  to  connect  directly  with  perineuronal 
spaces  about  the  nerve-cells.  These  ultimate  fluid-spaces  are  potential 
in  character  but  under  certain  circumstances  they  become  easily  rec- 
ognizable in  microscopic  preparations  (Mott  (52)).  While  originally 
termed  "lymphatic"  in  character,  these  perivascular  channels  have  no 
connection  with  the  lymphatic  system;  they  represent  however  an  im- 
portant accessory  fluid-system  of  the  cerebrospinal  axis,  affording  direct 
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pathway,  uninterrupted  by  cell-membranes,  between  nerve-cell  and 
subarachnoid  space. 

Thus  far  mention  of  the  dura  mater  has  been  omitted,  for  it  has  but 
slight  relationship  to  the  cerebrospinal  fluid,  the  subdural  space  being 
anatomically  and  probably  physiologically  entirely  apart  from  the  sub- 
arachnoid. But  in  one  respect  the  dura  mater  has  importance  in  the 
present  problem :  the  areas  of  penetration  of  the  dense  fibrous  tissues  of 
the  dura  by  the  arachnoid  represent  points  of  fusion  between  the  two 
membranes.  The  most  frequent  of  these  areas  of  penetration  are  the 
arachnoid  villi — prolongations  of  the  arachnoid  membrane  so  that  the 
arachnoidal  mesothelial  cells  come  to  be  directly  beneath  the  vascular 
endothelium  of  the  great  dural  venous  sinuses.  Identified  in  adult  man, 
in  infants  and  in  the  common  laboratory  mammals  (Weed  (66),  (67)), 
these  villi  are  covered  by  typical  arachnoid  cells,  usuallj^  of  a  single 
layer  but  often  forming  whorls  and  presenting  double-layered  coverings. 
The  core  of  such  a  villus  may  be  a  strand-like  network  reduplicating  the 
subarachnoid  space  or  a  myxomatous  ground  work  simulating  the 
p)erimedullary  mesenchyme.  In  addition  to  the  true  arachnoid  villi, 
which  occur  in  the  walls  of  practically  all  of  the  dural  sinuses,  there  are 
found  infrequently  prolongations  of  the  arachnoid  into  the  dura  in  other 
situations.  The  arachnoid  villi  are  normal  structures;  the  great  enlarge- 
ment of  these  in  adult  life  results  in  the  formation  of  the  well-known 
Pacchionian  granulations. 

The  cerebrospinal  fluid,. then,  circulates  everywhere  about  the  central 
nervous  system — in  the  cerebral  ventricles  and  central  canal  of  the 
spinal  cord  and  also  in  the  tortuous  meshes  of  the  subarachnoid  space. 
These  channels  are  all  clothed  with  a  specialized  cell,  fluid-retaining  so 
that  a  true  circulation  of  fluid  may  be  maintained.  And  in  the  arach- 
noid villi  the  circulating  fluid  comes  into  close  relationship  to  the  great 
venous  sinuses  of  the  dura  mater. 

ABSORPTION    OF   THE    CEKIOHliOSFINAL   FLUID 

With  the  evidence  indicating  a  constant  production  of  cerebrospinal 
fluid  and  a  circulation  of  the  licjuid  tiuough  the  cerebral  ventricles  and 
throughout  the  subarachnoid  space,  it  is  not  surprising  that  many  in vesti- 
gationH  Khould  have  been  undertaken  to  dctcrinine  the  mode  of  absorp- 
tion of  the  fluid.  'J'Ik^  exix'riments  j)erformed  fall  naturally  into  two 
groups — the  phyMiological  obKcrvations  to  determine  whether  absorption 
of  the  fluid  iH  into  venoUH  Hystem  or  lympiiatic  trunks  and  the  anatomical 
iovcstiKatioiu  to  aaccrtuin  the  e.xuct  putliways  along  which  the  fluid  is 
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absorbed.  Because  of  the  great  importance  of  this  phase  of  the  subject 
the  evidence  will  be  given  in  some  detail. 

Modern  anatomical  studies  of  the  pathways  of  absorption  of  the  cere- 
brospinal fluid  were  first  made  by  Key  and  Retzius  (43)  who  injected 
into  the  spinal  subarachnoid  space  of  a  cadaver  a  gelatine  solution 
colored  with  Berlin  blue.  While  the  pressure  used  was  somewhat  exces- 
sive (60  mm.  Hg.),  the  anatomical  continuity  of  spinal  and  cranial  sub- 
arachnoid spaces  was  demonstrated,  for  the  whole  cranial  subarachnoid 
space  was  filled  with  the  gelatine-mass.  Furthermore,  the  gelatine  was 
traced  into  the  core  of  the  Pacchionian  granulations  along  the  great 
dural  sinuses,  and  through  the  cell-membranes  directly  into  these 
venous  sinuses.  Many  beautiful  plates  showing  this  passage  of  the 
injection-mass  but  giving  evidence  of  possible  rupture  are  presented  in 
Key  and  Retzius'  monograph.  In  addition  to  this  major  pathway  of 
absorption,  these  investigators  demonstrated  a  minor  accessory  absorp- 
tion of  the  fluid  into  the  lymphatic  system.  Quincke's  (56)  confirma- 
tory observations,  though  appearing  before  the  monograph  of  Key  and 
Retzius,  did  not  antedate  their  earlier  papers  on  the  subject.  Quincke 
injected  into  the  subarachnoid  space  of  living  animals  a  suspension  of 
cinnabar  granules  and,  killing  the  animals  at  varying  periods  thereafter, 
discovered  the  granules  almost  wholly  within  the  basilar  and  spinal 
subarachnoid  spaces,  for  the  most  part  held  by  phagocytic  cells. 
Granules  were  also  found  along  the  venous  sinuses  in  structures  which 
he  termed  Pacchionian  granulations ;  in  the  cervical  lymph  nodes  like- 
wise particles  of  the  sulphide  were  identified. 

For  several  years  after  these  publications,  the  view  of  Key  and  Retzius 
was  accepted  as  establishing  the  anatomical  pathway  of  absorption  of 
the  cerebrospinal  fluid.  But  gradually  with  the  realization  that  Pac- 
chionian granulations  as  such  do  not  exist  in  infants  and  in  the  higher 
mammals,  it  was  felt  that  this  view  was  inadequate.  For  the  next  two 
decades  practically  no  work  was  done  upon  the  subject;  then  suddenly 
renewed  interest  in  the  problem  was  made  manifest  by  the  publication 
of  several  important  physiological  observations  demonstrating  a  major 
absorption  of  the  liquid  into  the  venous  system  and  a  minor  lymphatic 
drainage. 

Reiner  and  Schnitzler  (57)  injected  saline  solutions  containing  potas- 
sium ferrocyanide  into  the  spinal  subarachnoid  space  of  living  animals 
and  recovered  the  foreign  salt  in  from  30  to  40  seconds  from  the  blood 
of  the  jugular  vein.  Olive  oil  injected  under  similar  conditions  was 
identified  Hkewise,  though  the  blood  stream  was  slowed.    Reiner  and 
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Schnitzler  stated  that  as  Pacchionian  granulations  do  not  exist  in  the 
animals  used,  other  pathways  of  absorption  must  exist.  Shortly  there- 
after Leonard  Hill  (39)  reported  that  saline  solution,  colored  with 
methylene  blue  and  introduced  into  the  subarachnoid  space,  could  be 
traced  "straight  into  the  venous  sinuses."  Within  a  few  minutes  (10 
to  20)  after  the  injection,  the  blue  was  identified  in  the  bladder  and 
stomach ;  the  cervical  lymphatics  became  colored  only  after  an  interval 
of  one  hour.  Following  injection  of  potassium  ferrocyanide  into  the 
cerebrospinal  fluid,  Ziegler  (81)  detected  the  foreign  salt  in  the  posterior 
facial  vein  in  10  seconds  and  only  after  30  minutes  in  the  cervical 
lymphatics.  Similarly,  liCwandowsky  (44)  identified  sodium  ferrocj-a- 
nide  in  the  urine  of  animals  within  30  minutes  after  intraspinal 
introduction. 

The  experiments  of  Spina  (63),  though  conducted  under  abnormally 
high  pressures,  likewise  add  support  to  the  idea  of  a  very  rapid  major 
venous  absorption  and  a  lesser  lymphatic  drainage.  Cushing's  (13) 
observations  on  mercury  and  non-absorbable  gases  led  him  to  hypothe- 
size a  valve-like  mechanism  for  drainage  into  the  venous  channel.  Both 
of  these  observers  commented  upon  the  absence  of  Pacchionian  granula- 
tions in  the  higher  mammals. 

Mott  (52)  in  1910,  from  study  of  the  brains  of  animals  subjected  to 
experimental  cerebral  anemia,  suggested  a  new  pathway  for  the  absorp- 
tion of  the  cerebrospinal  fluid,  based  on  the  occurrence  of  distinct  spaces 
about  each  nerve-cell,  connected  through  the  perivascular  channels 
with  the  subarachnoid  space.  Believing  that  this  fluid-system  contained 
cerebrospinal  fluid,  Mott  contended  that  normally  the  liquid  passes 
from  subarachnoid  space  into  cerebral  capillaries.  Cathelin  (10),  with- 
out supporting  data,  assumed  that  the  major  absorption  of  the  cere- 
brospinal fluid  was  into  the  lymphatic  system;  and  (^iol(hnann  (30), 
employing  subarachnoid  injections  of  trypan  blue,  likewise  tentatively 
favored  this  view,  though  acknowledging  the  weight  of  evidence  in 
favor  of  the  major  venous  drainage. 

Dandy  and  Blackfan  (17)  in  1913  concluded  that  the  absorption  of 
cerebrospinal  fluid  was  a  "diff'u.se  process  from  the  entire  subarachnoid 
space,"  for  with  the  spinal  subarachnoid  space  isolated  from  the  cranial, 
they  found  "a  (luantitativc  absorption  proportionately  as  great  as  from 
the  entire  subarachnoid  space."  The  evidence  for  these  statements 
(18),  published  in  detail  a  year  later,  was  largely  basc'd  on  the  excretion 
by  the  kidneys  of  u  rcatlily  dilTusibU;  dye  phenolsulphonephthalein — 
after  its  introduction   into  the  subarachnoid   space.     A  very  rapid 
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absorption  into  the  blood  stream  occurred  under  such  experimental  con- 
ditions while  the  lymphatic  drainage  was  minimal  in  amount  and  very 
tardy.  After  subarachnoid  injections  of  india  ink,  Dandy  and  Blackfan 
were  able  to  find  no  anatomical  evidence  of  absorption  of  the  carbon 
granules— an  observation  in  accord  with  those  of  Quincke  (56)  and  of 
Sicard  and  Cestan  (62). 

It  was  with  these  contributions  as  a  background  that  the  writer  (66), 
(67),  (68)  began  his  anatomical  studies  of  the  absorption  of  the  cere- 
brospinal fluid.  Critical  examination  of  the  preceding  work  was  con- 
vincing in  demonstrating  a  major  venous  absorption  and  a  minor  Ijin- 
phatic  drainage  of  the  liquid,  but  the  reliable  data  were  practically 
entirely  physiological.  Thus  the  observations  regarding  the  rapid 
venous  absorption  of  readily  diffusible  substances  seemed  wholly  de- 
pendable but  the  anatomical  evidence  was  satisfactory  solely  in  demon- 
strating that  insoluble '  particles  (cinnabar,  carbon)  did  not  leave  the 
subarachnoid  space  in  any  great  amount.  The  only  complete  morpho- 
logical investigations  were  those  of  Key  and  Retzius;  these  were  unsatis- 
factory because  the  injections  were  performed  on  dead  material,  the 
pressures  employed  were  high  (60  mm.  Hg.)  and  the  injection-mass  was 
a  viscous  colloid  (gelatine)  colored  with  Berlin  blue.  It  was  felt  that 
the  experimental  approach  must  be  such  that  a  subarachnoid  injection 
of  a  true,  isotonic  solution  of  non-toxic  foreign  salts,  capable  of  subse- 
quent precipitation  in  situ  for  histological  examination  and  not  diffusely 
staining  cellular  material,  could  be  made  in  the  living  animal,  under 
pressures  not  greatly  in  excess  of  the  normal.  With  these  criteria 
established,  experiments  were  undertaken  with  subarachnoid  injection 
of  potassium  ferrocyanide  and  iron-ammonium  citrate  in  isotonic 
solution  under  pressures  but  slightly  above  the  normal  (130-180  mm. 
H2O).  Subsequently  the  central  nervous  system,  enclosed  in  meninges, 
was  fixed  in  an  acid  medium ;  precipitation  of  the  foreign  salts  as  Prus- 
sian blue  permitted  adequate  histological  identification  of  the  pathway 
taken.  This  method  was  found  to  meet  all  of  the  standards  of  investi- 
gation set. 

The  experiments  were  carried  out  over  periods  of  several  hours  in 
Uving  anesthetized  animals,  with  introduction  of  the  isotonic  foreign 
solution  into  the  lumbar  subarachnoid  space.  The  spinal  and  basilar 
portions  of  the  subarachnoid  space  were  rapidly  filled  with  the  foreign 
solution  but  the  cerebral  portion  of  the  space  was  not  completely  in- 
jected until  the  experunent  had  been  continued  for  several  hours. 
Histological  examination  demonstrated  that  the  solution  had  not  pene- 
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trated  any  of  the  cells  lining  the  subarachnoid  space;  the  precipitated 
granules  adhered  to  the  surfaces  of  the  cells  but  were  not  within  the 
cj^oplasm.  The  foreign  solution  was  found  to  have  passed  directly 
into  the  venous  sinuses  by  way  of  the  arachnoid  villi  into  which  the  pre- 
cipitated granules  could  be  traced  from  the  cerebral  subarachnoid 
space.  These  granules,  representing  the  foreign  solution,  were  found 
within  the  mesothelial  cells  covering  the  villi  and  the  endothelial  cells 
lining  the  venous  sinuses,  as  well  as  within  the  lumen  of  the  venous 
sinus,  thus  demonstrating  the  essential  pathway  of  absorption.  In  no 
other  place  was  there  evidence  of  direct  passage  through  a  cell-mem- 
brane as  in  the  villi.  The  mechanism  of  passage  of  this  fluid  seemed 
to  be  a  process  of  filtration  from  a  point  of  higher  pressure  (subarachnoid 
space)  to  a  point  of  lower  pressure  (venous  sinus),  though  the  factors  of 
osmosis  and  diffusion  were  not  excluded.  The  absorption  of  true  solu- 
tions from  the  cranial  subarachnoid  space  was  shown  to  be  a  much 
more  efficient  and  rapid  process  than  was  the  corresponding  absorption 
from  the  spinal  subarachnoid  space.  Suspensions  of  particulate  matter 
were  found,  in  agreement  with  the  observations  already  recorded,  to  be 
retained  within  the  meshes  of  the  subarachnoid  space. 

In  addition  to  this  major  venous  absorption  through  arachnoid  villi 
directly  into  the  great  dural  sinuses,  an  accessory  drainage  by  way  of 
the  lymphatic  system  was  demonstrated.  This  seemed  a  much  slower, 
less  efficient  means  of  absorption  of  the  fluid,  caring  for  but  a  small 
fraction  of  the  total.  Such  lymphatic  absorption  was  wholly  indirect; 
the  fluid  reached  the  true  lymphatic  vessel  only  outside  of  the  dura  and 
then  by  way  of  perineural  spaces. 

These  anatomical  findings,  based  on  a  standard  of  experunentation 
which  approximated  the  normal,  agreed  largely  with  those  of  Key  and 
Retzius,  substituting  however  for  the  Pacchionian  granulation  the 
normal  arachnoid  villus.  Further  observations  were  made  to  ascertain 
the  truth  of  the  other  anatomical  hypotheses  ventured  for  the  absorption 
of  ccrebroHpinul  fluid:  thus,  no  structure  of  a  valvc-likc  nature  was  found 
in  many  examinations  of  serial  .sections  of  the  great  dural  sinuses. 
Mott's  theory  of  absorption  by  cerebral  capillaries  was  excluded  by  the 
failure  of  the  injection-fluid  to  pass  into  the  perivascular  system  under 
conditions  approaching  the  physiological.  Dandy  and  Blackfan's  con- 
ception of  a  difTusc  absorption  by  the  vessels  of  the  subarachnoid  space 
wae  likewise  found  untenable,  for  in  no  case  were  the  mesothelial  cells 
covering  thew;  vchh<!Ih  penctraf  cd  by  tlu;  foreign  solution.  The  strongest 
argument  in  favor  of  the  difTuse  process  of  absorption  advanced  by 
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Dandy  and  Blackfan  was  that  the  excretion  of  phenolsulphonephthalein 
from  the  isolated  spinal  subarachnoid  space  was  proportionately  as  great 
as  from  the  whole  cranial  and  spinal  subarachnoid  space.  The  tech- 
nique employed  by  Dandy  and  Blackfan  involved  withdrawal  of  an 
equivalent  amount  of  cerebrospinal  fluid  from  the  isolated  spinal  sub- 
arachnoid space  before  injection  of  1  cc.  of  the  phenolsulphonephthalein 
solution.  The  writer  (67)  believed  that  this  substitution  could  not  be 
made  in  this  isolated  space  without  increase  in  the  spinal  subarachnoid 
pressure  and  escape  of  the  foreign  dye  into  the  epidural  tissues.  By 
reversing  the  experiment  he  was  able  to  show  that  absorption  of  phenol- 
sulphonephthalein when  introduced  into  the  cisterna  magna  was  as 
rapid  when  the  spinal  subarachnoid  space  was  excluded  as  with  the 
whole  cranial  and  spinal  subarachnoid  space  functioning.  The  cranial 
portion  of  the  nervous  system  seems,  therefore,  to  contain  the  efficient 
mechanisms  for  the  absorption  of  cerebrospinal  fluid. 

Since  the  publication  of  this  work  in  1914  there  have  been  other 
observations  regarding  the  absorption  of  the  cerebrospinal  fluid;  all 
accord  with  this  idea  of  a  major  venous  absorption  of  the  fluid.  Thu.«i 
Frazier  and  Feet's  (33)  experiments  with  methylene  blue,  isamine  blue, 
trj'pan  red,  trypan  blue  and  phenolsulphonephthalein  demonstrated  the 
greater  importance  of  the  rapid  venous  absorption  and  the  lesser  of  the 
slow  lymphatic  drainage.  And  Dixon  and  Halliburton  (21),  in  the 
course  of  their  studies  of  the  cerebrospinal  fluid,  confirmed  this  general 
conception  of  the  process,  finding  no  escape  of  particulate  matter  from 
the  subarachnoid  space  but  a  freeand  rapid  absorption  of  true  solutions. 
Between  the  two  types  there  occurred  a  much  slower  absorption  of 
colloidal  solutions  than  of  true  solutions,  the  larger  molecules  being 
absorbed  more  slowly  than  the  smaller.  They  concluded,  as  did  also 
Halliburton  (37)  that  "the  fluid  probably  reached  the  venous  sinuses 
by  way  of  the  microscopic  arachnoid  villi."  And  recently  the  writer,  in 
work  as  yet  unpublished,  has  repeated  certain  phases  of  his  original 
investigation  of  the  pathways  of  absorption,  with  continuous  observa- 
tions of  the  pressures  of  the  cerebrospinal  fluid  and  of  the  intracranial 
blood  vessels.  The  results  confirm  in  ever>'  way  the  conception  of  the 
mechanism  here  presented. 

Thus  it  seems  fair  to  assume  that  the  absorption  of  the  cerebrospinal 
fluid  is  a  twofold  process,  being  chiefly  a  rapid  drainage  into  the  great 
dural  sinuses,  and  in  small  part  a  slow  indirect  escape  into  the  true 
lymphatic  vessels. 
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THE    PRESSURE    OF   THE    CEREBROSPINAL   FLUID 

Practically  all  of  the  methods  of  recording  the  pressure  of  the  cere- 
brospinal fluid  deal  with  connection  of  the  subarachnoid  space  to  an 
open  or  membrane  manometer.  It  is  very  difficult  with  any  of  the  pro- 
cedures to  avoid  the  loss  of  a  few  drops  of  fluid,  but  by  immediate  re- 
placement of  this  liquid  and  bj'  the  use  of  manometers  filled  to  the  esti- 
mated level  of  the  fluid,  the  pressures  obtained  by  these  simple  methods 
may  be  accepted  as  accurate. 

Verj'  few,  if  any,  of  the  early  records  of  the  pressure  of  the  cerebro- 
spinal fluid  were  sufficiently  controlled  to  permit  direct  comparison  with 
the  data  obtained  by  recent  workers.  As  examples  of  the  variation  in 
the  pressures  recorded  by  the  earlier  investigators,  the  following  deter- 
minations may  be  given:  Key  and  Retzius  (43),  162  to  216  mm.  H2O 
in  inspiration  and  216  to  270  mm.  H2O  in  expiration,  in  etherized  dogs; 
Bergmann  (4,  5),  80  mm.  H2O  in  his  first  observations  and  in  his  second 
series,  120  to  160  mm.  of  salt  solution  in  narcotized  dogs;  Falkenheim 
and  NaunjTi  (26),  100  to  150  mm.  H2O  in  curarizcd  dogs;  and  Leyden 
(45),  80  to  150  mm.  and  100  to  120  mm.  H2O  in  dogs  under  morphia. 
Leonard  Hill  (39)  believed,  however,  that  the  intracranial  tension  might 
vary  from  zero  to  50  nrni.  Hg.  and  that  the  variations  reported  by  the 
earlier  observers  were  but  expressions  of  this  characteristic  of  the  intra- 
cranial pressure.*  Hill's  idea  of  variability  in  the  normal  pressure  of 
the  cerebrospinal  fluid  seemed  supported  by  the  observations  of  Dixon 
and  Halliburton  (20),  who  reported  40  to  70  mm.  of  salt  solution  as  a 
rough  average  of  the  normal  pressures  obtained  in  the  dog  under  mor- 
phine-urcthane  anesthesia.  And  in  a  single  detailed  protocol  presented, 
the  pressures  at  5-minutc  intervals  ranged  as  follows :  95,  25,  30, 35, 55, 
25,  80,  65,  65,  65,  75,  70,  60,  55,  50,  80,  90  mm.  of  10  per  cent  citrate 
solution. 

The  most  recent  work,  particularly  by  American  investigators,  has 
given  much  better  knowledge  of  the  rangc^  and  variability  of  the  normal 
pressure  of  the  cerebrospinal  fluid.  Wood  and  McKibbon  (75)  reported 
an  initial  average  of  119  mm.  of  Ringer's  solution  in  cats  anesthetized 
by  intratracheal  ether,  and  an  extreme  constancy  of  the  pressure  of  the 
cerebrospinal  fluid  under  such  cxperimenUil  conditions.  Becht  (1) 
found  considerable  fluctuation  in  the  pressure  of  Iho  fhiid  in  etherized 
dogB  but  of  lesser  extent  tlum  did  Dixon  and  Ilnlliburton;  his  average 

*  Within  Um  limits  of  the  physioloKicuI  plicnnmciia  iiivoHtigaicd,  intracranial 
pitwure  mfty  Im  eoniidered  to  b«  idcnlicul  with  that  uf  the  ccrcbroHpinal  fluid. 
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pressure  of  112  mm.  (sodium  chloride  solution  of  specific  gravity  of 
1.088)  was  derived  from  39  dogs  under  intratracheal  ether.  Foley  and 
Putnam  (31)  presented  a  slightly  higher  average  of  127  mm.  for  the 
normal  reading  in  animals  under  ether  while  the  average  of  100  animals 
under  various  anesthetics  was  133  mm.  of  cerebrospinal  fluid;  no  com- 
ment upon  the  extent  of  normal  fluctuations  of  the  fluid  pressure  was 
made.  And  recently  Weed  and  Hughson  (72)  have  reported  an  average 
pressure  of  119  mm.  of  Ringer's  solution  for  77  cats  under  ether  by 
Woulfe  bottle;  the  fluctuations  in  the  pressure  under  the  experimental 
conditions  were  very  slight  in  extent  (11  mm.  in  an  animal  under  ob- 
servation for  2  hours). 

The  question  of  greatest  physiological  interest  in  this  phase  of  the 
general  problem  is  that  of  the  maintenance  of  this  pressure  of  the  cere- 
brospinal fluid.  All  of  the  conceptions  of  the  mechanism  for  the  main- 
tenance of  this  pressure  are  based  primarily  upon  the  rigid  character 
of  the  bony  coverings  of  the  nervous  system.  This  idea  that  the  cere- 
brospinal axis  is  situated  within  a  "closed  box,"  to  which  the  physical 
laws  of  such  a  system  apply,  was  first  advanced  in  1783  by  Alexander 
Monro  (51).  Monro  believed  that  the  substance  of  the  brain,  like  that 
of  other  solids  of  the  body,  is  nearly  incompressible  and  is  "enclosed 
in  a  case  of  bone,"  assuring  therefore  the  constancy  of  the  intracranial 
blood  content.  The  development  of  this  hypothesis  by  Kellie  (42)  in 
1824  led  to  wide  acceptance,  and  the  Monro-Kellie  doctrine  with  but  few 
alterations  has  served  as  the  basis  upon  which  the  physiology  of  the 
intracranial  contents  has  been  interpreted.  The  doctrine  was  modified 
b}'^  the  introduction  of  the  cerebrospinal  fluid  into  the  consideration  by 
Burrows  (7)  under  the  influence  of  Magendie's  epochal  studies;  the 
hypothesis  was  then  formulated  by  Burrows  as  follows  (p.  32):  "the 
whole  contents  of  the  cranium,  the  brain,  the  blood  and  this  serum 
(cerebrospinal  fluid)  together,  must  be  at  all  times  nearly  a  constant 
quantity." 

Many  physiologists  have  subjected  this  Monro-KelUie  doctrine  to 
experimental  proof  not  only  in  dead  but  in  living  animals;  while  diver- 
gent conclusions  have  been  arrived  at,  the  general  consensus  of  opinion 
expressed  in  the  literature  of  the  last  century  has  been  in  favor  of  the 
hypothesis.  And  in  the  hands  of  recent  workers  a  similar  imanimity 
of  expression  holds  though  occasional  investigators  express  doubt  as 
to  the  accuracy  of  the  premise.  Lately,  Weed  and  Hughson  (73)  have 
experimentally  demonstrated  the  essential  truth  of  the  doctrine  that 
(p.  99)  "the  bony  coverings  of  the  central  nervous  system  constitute 
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within  tested  physiological  limits,  inelastic  and  rigid  containers;  the 
'  ordinary  physical  laws  of  a  'closed  box'  may  therefore  be  applied  to  the 
cranium."  And  with  appreciation  of  the  variability  in  volmne  of  the 
constituents,  the  hypothesis  may  be  stated,  as  was  done  by  Weed  and 
McKibben  (76,  p.  553) :  "the  cranial  cavity  is  relatively  fixed  in  volume 
and  is  completely  filled  by  brain,  cerebrospinal  fluid  and  blood;  varia- 
tions in  any  one  of  the  three  elements  may  occur,  compensation  being 
afforded  by  alteration  in  the  volume  of  one  or  both  of  the  remaining 
elements." 

With  the  cranium  and  vertebral  colimm  serving  as  rigid  containers, 
the  relation  of  the  intracranial  vascular  pressures  to  the  pressure  of  the 
cerebrospinal  fluid  requires  immediate  consideration.  Current  physio- 
logical conceptions  of  these  intracranial  mechanisms  really  date  from 
the  work  of  Leonard  Hill  (39)  who  advanced  the  idea  that  intracranial 
pressure  is  (p.  71)  "the  same  as  cerebral  venous  pressure,  and  varies 
in  the  same  direction  absolutely  as  general  venous  pressure,  and  pro- 
portionately as  general  arterial  pressure."  Hill's  technical  procedures 
consisted  in  determing  cerebral  venous  pressure  in  the  torcular  Hero- 
phili  and  cerebrospinal  fluid  pressure  in  the  occipital  region. 
'  The  emphasis  placed  by  Hill  upon  this  equality  of  pressure  dominated 
physiological  opinion  for  over  fifteen  years;  it  was  not  until  the  publica- 
tion of  Dixon  and  Halliburton  (20)  in  1914  that  contradictory  evidence 
was  presented.  Using  experimental  procedures  essentially  similar  to 
those  of  Hill,  Dixon  and  Halliburton  demonstrated  that  the  cere- 
brospinal fluid  pressure  is  not  identical  with  that  of  the  dural  venous 
sinus,  and  stated  that  the  fluid  pressure  is  (p.  153)  "influenced  passively 
to  a  small  extent  by  changes  in  the  arterial  and  venous  pressures  but 
such  alterations  are  insignificant  compared  with  the  independent 
changes  in  pressure  which  occur  as  the  result  of  secretory  activity." 
These  investigators  also  showed  that  increase  in  the  cerebrospinal  fluid 
presBure  produced  a  passive  increase  in  the  cerebral  venous  pressure 
but  not  of  the  same  extent;  conversely,  alteration  of  the  cerebral  venous 
tension  caused  similar  though  not  identical  alteration  in  the  pressure 
of  the  cerebrospinul  fluid.  Under  normal  conditions  the  arterial  pres- 
sure was  found  by  Dixon  and  Halliburton  to  be  higher  than  the  intra- 
cranial vcnou.s  pressure  which  in  turn  was  always  higher  than  that  of  the 
cerebrospinal  fluid. 

Becht  (1),  employing  somewhat  similar  methods,  came  to  conclusions 
in  some  respects  at  variance  with  those  of  Dixon  and  Halliburton  though 
OOofinning  the  gcnurul  contention  of  ine({uality  of  cerebrospinul  iluid 
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pressure  and  cerebral  venous  pressure.  Becht  stated  that  the  cerebro- 
spinal fluid  pressure  was  dependent  upon  both  intracranial  arterial  and 
venous  pressures,  though  not  identical  with  either.  The  data  obtained 
indicated  that  either  the  cerebral  venous  (torcular)  or  cerebrospinal 
fluid  pressure  might  be  the  higher  but  that  usually  the  former  exceeded 
the  latter.  Passive  changes  in  the  torcular  pressure  were  found  to  affect 
the  pressure  of  the  cerebrospinal  fluid,  in  the  same  direction  but  not  to 
the  same  extent;  but  within  fairly  wide  limits  changes  of  the  cerebro- 
spinal fluid  pressure  were  not  believed  to  alter  the  pressure  of  the 
torcular. 

The  observations  of  these  recent  workers  were  all  carried  out  with 
fairly  similar  technical  procedures,  particularly  for  the  determination 
of  venous  pressure  in  the  torcular  Herophili.  The  very  wide  divergences 
in  these  normal  pressures  (13  to  601  nun.  in  Becht's  series)  indicate 
that  the  method  is  subject  to  many  experimental  defects.  Weed  and 
Hughson  (74),  with  these  technical  disadvantages  in  mind,  devised  a 
simple  method  for  recording  intracranial  venous  pressure  in  the  superior 
sagittal  sinus  as  it  empties  into  the  torcular.  The  procedure  possessed 
the  very  distinct  advantage  of  permitting  direct  observations  of  the 
effect  of  the  manipulative  procedure  upon  the  pressure  of  the  cerebro- 
spinal fluid,  thus  affording  control  of  artificial  increases  in  the  pressure 
of  the  cerebrospinal  fluid  due  to  venous  obstruction  in  the  cranium. 
With  such  technical  controls.  Weed  and  Hughson  were  able  to  show  that 
in  practically  every  case  the  pressure  of  the  cerebrospinal  fluid  was 
considerably  above  (5-50  mm.)  that  of  the  sagittal  sinus.  They  also 
presented  data  which  indicated,  in  accordance  with  the  findings  of 
Dixon  and  Halliburton  and  of  Becht,  that  alteration  in  intracranial 
venous  pressure  effected  alterations  in  the  pressure  of  the  cerebrospinal 
fluid  in  the  same  direction  but  of  lesser  magnitude.  Conversely  it 
was  shown,  in  agreement  with  Dixon  and  Halliburton,  that  within  the 
physiological  limits  tested,  alteration  in  the  pressure  of  the  cerebrospinal 
fluid  caused  changes  of  lesser  extent  but  of  the  same  direction  in  the 
sagittal  venous  pressure. 

This  conception,  advanced  by  Weed  and  Hughson,  that  the  pressure 
of  the  cerebrospinal  fluid  is  practically  always  above  that  of  the  cerebral 
veins,  alone  affords  basis  of  explanation  for  Wegefarth's  experiments. 
Wegefarth  (77)  demonstrated  that  an  experimental  communication 
between  subarachnoid  space  and  superior  sagittal  sinus  remained  patent, 
without  hemorrhage  into  the  meningeal  cavities,  for  at  least  4  days. 
Removal  of  cerebrospinal  fluid  in  these  animals,  however,  resulted  in 
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immediate  intrameningeal  hemorrhage.  Such  an  observation,  free  from 
the  errors  of  recording  instruments,  can  be  explained  onlj-  on  the  basis 
that  normally  the  pressiu-e  of  the  fluid  is  above  that  in  the  sinus  or  that 
the  former  is  constantly  being  reduced  toward  the  latter. 

Analysis  of  the  reliable  data  concerning  these  normal  relationships 
seems  convnncing  in  demonstrating  that  the  pressure  of  the  cerebrospinal 
fluid  practically  always  exceeds  that  of  the  superior  sagittal  sinus.  In 
no  sense  may  the  two  pressures  be  regarded  as  identical,  for  such  an 
identity  of  pressures  is  found  only  in  animals  in  which  the  technical 
procedures  have  resulted  in  the  production  of  direct  communications 
between  sinus  and  meningeal  spaces.  In  the  normal  animal  intracranial 
arterial  pressure  is  a  factor  of  importance  in  the  maintenance  of  the 
pres.sure  of  the  cerebrospinal  fluid,  though  slight  or  slowly  effected 
changes  in -this  art-erial  tension  have  but  little  influence  upon  the  fluid 
pressure.  Thus  while  dependent  upon  both  intracranial  arterial  and 
venous  pressures  and  while  influenced  passively  and  in  the  same  direc- 
tion by  both,  the  pressure  of  the  cerebrospinal  fluid  may  be  considered 
to  be  relatively  independent  of  both  in  that  normally  it  maintains  an 
individual,  fairly  constant  level  far  below  that  of  the  intracranial 
arteries  and  somewhat  above  that  of  the  intracranial  veins. 

It  becomes  desirable,  then,  to  ascertain  the  factors  which  determine 
the  level  of  the  cerebrospinal  fluid  pressure,  but  in  this  inquiry  there  are 
practically  no  data  available  and  the  problem  becomes  speculative.  Yet 
it  is  instructive  to  think  of  the  cerebrospinal  fluid  as  being  largely  elabo- 
rated by  the  cells  of  the  choroid  plexuses  where  the  pressure  in  the 
blood  capillaries  is  estimated  at  from  40  to  60  mm.  Hg.  On  the  outer 
side  of  these  cells  is  the  cerebrospinal  fluid  with  its  pressure  of  110  to 
130  mm.  of  Ringer's  solution.  After  circulating  through  the  cerebral 
ventricles  and  subarachnoid  space  this  fluid  is  largely  returned  into  the 
venous  sinuses  of  the  dura  whore  the  pressure  (as  determined  in  the 
superior  sagittal  sinus)  is  b(>low  that  of  the  cerebrospinal  fluid  (as  de- 
termined in  the  cistema  magna).  On  such  a  basis  the  normal  mecha- 
nism for  the  absorption  of  this  characteristic  body  liquid  may  well  be  a 
eimpic  proce.ss  of  filtration  though  the  factors  of  osmosis  and  difVusion 
arc  not  excluded  in  the  passage  of  the  fluid  through  the  cell-mombrano 
of  the  arachnoid  villus.  No  dcterminat ions  of  the  pressure  of  the  cero- 
hrospinal  fluid  in  the  arachnoid  villus  have  been  made  but  it  is  unlikely 
that  this  proHHure  is  markedly  different  from  that  of  the  cisterna  magna. 
Obfftruction  to  any  part  of  the  pathway  of  the  fluid  results  in  raising 
intraventricular  tension  (cf.  Nafiagas  (53))  thus  denionstraling  that 
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cerebrospinal  fluid  can  be  produced  against  higher  pressures  than  nor- 
mally exist  in  the  cerebral  ventricles.  The  normal  pressure  therefore 
may  be  largely  determined  by  the  balance  between  the  constant  new 
production  within  the  cerebral  ventricles  and  the  absorption  into  the 
dural  sinuses:  this  pressure  of  the  cerebrospinal  fluid  becomes  dependent 
also  upon  intraci-anial  arterial  and  venous  pressures,  not  only  because 
of  the  relation  of  these  latter  pressures  to  the  production  and  absorption 
of  the  fluid,  but  because  of  the  constancy  of  volume  of  the  intracranial 
contents. 

MODIFICATION    OF   THE   PRESSURE    OF   THE    CEREBROSPINAL   FLUID 

During  the  past  ten  years  a  number  of  investigators  has  studied  the 
alterations  in  pressure  of  the  cerebrospinal  fluid  effected  by  the  intro- 
duction of  various  substances  into  the  blood  stream  or  alimentary  canal. 
The  subject-matter  naturally  differentiates  itself  from  the  purely 
mechanical  modifications  effected  by  pressure-changes  in  the  cerebral 
blood  vessels.  The  general  findings  in  this  latter  group  of  experunents 
have  been  presented  in  the  foregoing  section  of  this  review;  the  pressure- 
changes  effected  in  the  cerebrospinal  fluid  by  solutions  of  various  con- 
centrations and  by  certain  pharmacological  agents  and  tissue  extracts 
will  be  discussed  here. 

Solutions  of  various  concentrations.  In  1919  Weed  and  McKibben  (75) 
reported  that  the  pressure  of  the  cerebrospinal  fluid  could  be  markedly 
altered  by  the  intravenous  injection  of  solutions  of  various  concentra- 
tions. It  was  shown  that  such  administration  of  strongly  hypertonic 
solutions  lowered  the  pressure  of  this  liquid  to  an  extreme  degree,  fre- 
quently producing  negative  values;  with  hypotonic  solutions  (distilled 
water)  a  prolonged  rise  in  the  pressure  of  the  fluid  was  obtained. 
Ringer's  solution  in  large  doses  produced  a  temporary  increase  in  the 
pressure  of  the  cerebrospinal  fluid,  followed  quickly  by  a  return  to  nor- 
mal levels.  Accompanying  these  changes  in  fluid  pressure.  Weed  and 
McKibben  (76)  found  marked  alterations  in  the  volume  of  the  brain, 
the  hypertonic  solution  producing  a  small  shrunken  brain  while  the 
hypotonic  solution  caused  an  outspoken  swelling  of  the  brain-substance. 
The  experimental  changes  in  brain  volume  were  particularly  pro- 
nounced in  animals  in  which  the  cranial  cavity  had  been  opened  by 
trephining. 

These  physiological  findings  have  since  been  abimdantly  confirmed 
and  clinical  applications  of  the  phenomena  have  been  developed. 
Gushing  and  Foley  (15)  demonstrated  that  similar  alterations  in  the 
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pressure  of  the  cerebrospinal  fluid  could  be  brought  about  by  the  inges- 
tion of  hypertonic  and  hypotonic  solutions.  Subsequently  Foley  and 
Putnam  (31),  after  verifying  the  original  conclusions,  studied  similar 
changes  in  the  pressure  of  the  cerebrospinal  fluid  which  were  effected 
by  the  intra-intestinal  administration  of  these  solutions  of  various 
concentrations.  And  Sachs  and  Malone  (60)  reported  observations 
upon  the  decrease  of  brain  volimie  caused  by  the  intravenous  injection 
of  strongly  hypertonic  solutions.  In  addition  to  these  papers,  there  has 
appeared  a  number  of  reports  of  clinical  application  of  this  experimental 
modification  of  fluid  pressure  or  brain  bulk — notably  those  of  Gushing 
and  Foley  (15),  Sachs  and  Belcher  (59),  Ebaugh  and  Stevenson  (22), 
Foley  (30)  and  Hughson  (40). 

Recently  Weed  and  Hughson  (72),  (74)  have  extended  the  original 
observations  of  Weed  and  McKibben  (75);  in  addition  to  confirming 
the  initial  work  in  detail,  they  have  presented  data  showing  the  general 
systemic  and  intracranial  vascular  alterations  effected  by  these  agents. 
These  observations  were  made  over  periods  of  from  2  to  7  hours,  under 
adequate  experimental  conditions  in  which  the  pressures  recorded  (cere- 
brospinal fluid,  carotid  artery,  superior  sagittal  sinus,  superficial  bra- 
chial vein)  remained  surprisingly  constant.  The  intravenous  injection 
of  a  large  quantity  of  Ringer's  solution  was  shown  to  cause  a  temporary 
rise  in  the  pressure  of  the  cerebrospinal  fluid  with  increases  in  both 
sagittal  and  brachial  venous  pressures,  the  former  being  the  greater. 
At  the  end  of  the  injection-period  all  of  these  pressures  tended  to  return 
to  their  previous  levels,  normal  pressures  customarily  being  attained 
within  30  minutes.  After  the  intravenous  injection  of  distilled  water 
in  similar  amount,  a  prolonged  rise  in  the  pressure  of  the  cerebrospinal 
fluid  occurred,  accompanied  by  alterations  in  both  sagittal  and  brachial 
pressures.  Both  of  these  venous  pressures  increased  during  the  period 
of  injection  and  for  a  few  minutes  thereafter,  the  sagittal  outstripping 
the  brachial;  within  30  minutes  these  pressures  were  usually  returned 
to  their  pre-injcction  levels,  though  the  pressure  of  the  cerebrospinal 
fluid  was  still  elevated.  With  the  intravenous  injection  of  strongly 
hypertonic  solutions,  the  pressure-alterations  were  most  striking,  the 
cerebroHpinal  fluid,  after  a  fretiuently  occurring  rise  during  the  interval 
of  injection,  dropping  markedly  and  often  exhibiting  extnune  negative 
valuen.  The  pressure  in  the  superficial  brachial  vein  rose  during  the 
period  of  the  hypertonic  injection  and  then  raj)i(lly  resumed  its  pre- 
injection  level  or  u  new  level  slightly  below.  More  significant  were  the 
alterutionft  in  cuigittal  venous  pressure:  hero  the  reaction  during  the 
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period  of  injection  depended  largely  on  the  reaction  of  the  pressure  of  the 
cerebrospinal  fluid,  but  following  this  the  sagittal  pressure  was  always 
lowered  to  a  greater  extent  than  was  the  brachial  venous  pressure. 

These  experiments  afforded  a  unique  opportunity  for  study  of  the 
mechanisms  which  normally  control  the  pressure  of  the  cerebrospinal 
fluid.  Analysis  of  the  data  demonstrated  that  alterations  in  the  pres- 
sure of  the  cerebrospinal  fluid  could  be  effected  and  maintained  indepen- 
dently of  change  in  the  intracranial  and  systemic  vascular  pressures. 
The  most  striking  similarities  in  reactions  were  those  between  the  pres- 
sure of  the  cerebrospinal  fluid  and  that  of  the  brachial  vein  and  sagittal 
sinus;  after  the  injection  of  Ringer's  solution  or  of  distilled  water  they 
exhibited  somewhat  the  same  alterations,  differing  not  only  in  magni- 
tude but  in  duration.  After  the  intravenous  injection  of  hypertonic 
solutions,  however,  the  relationships  of  the  pressures  were  markedly 
altered,  with  the  pressure  of  the  cerebrospinal  fluid  profoundly  lowered, 
the  sagittal  venous  considerably  and  the  brachial  venous  but  little  if 
at  all.  Both  brachial  and  sagittal  venous  pressures  were  found  to  be 
lower  than  the  pressure  of  the  cerebrospinal  fluid  in  the  control- 
periods;  this  relationship  held  after  the  injection  of  isotonic  and  hypo- 
tonic solutions  but  was  reversed  when  hypertonic  solutions  were  given. 
Arterial  changes,  when  slowly  brought  about,  caused  little  if  any  altera- 
tion in  the  pressure  of  the  cerebrospinal  fluid,  but  when  abrupt,  their 
influence  was  marked. 

The  changes  in  the  pressure  of  the  cerebrospinal  fluid,  effected  by 
the  intravenous  injection  of  solutions  of  various  concentrations,  must  in 
the  final  analysis  find  their  explanation  in  the  alteration  of  the  osmotic 
pressure  of  the  circulating  blood.  The  injection  of  a  large  volume  of  an 
isotonic  solution  was  followed  by  a  short-enduring  rise  of  the  cerebro- 
spinal fluid  pressure  which  subsided  in  approximately  the  same  time- 
interval  required  for  the  pressure-changes  effected  by  the  hypertonic 
and  hypotonic  solutions  to  reach  their  maxima.  The  usual  time  for 
maximal  reaction  of  the  pressure  of  the  cerebrospinal  fluid  was  noted 
to  be  from  25  to  35  minutes  after  the  end  of  the  intravenous  injection; 
in  this  interval  the  organism  was  attempting  to  compensate  for  altera- 
tion in  the  volume  and  salt-content  of  the  blood.  With  the  isotonic 
solutions,  the  compensation  was  one  for  increased  volume  of  fluid  only; 
this  compensation,  if  judged  by  the  time  of  return  of  the  cerebrospinal 
fluid  pressure  to  normal,  was  rapidly  achieved.  When,  however,  not 
only  the  volume  of  the  circulating  blood  was  increased  but  its  salt-con- 
tent relatively  diminished  as  by  the  intravenous  injection  of  distilled 
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water,  two  processes  of  adjustment  proceeded.  The  blood  tended  to 
reestablish  its  normal  salt-content  by  passage  of  water  into  the  tissues 
and  possibly  into  some  of  the  body-fluids,  and  by  attraction  of  salts 
from  these  places;  and  it  also  tended  to  compensate  further  by  altera- 
tion of  the  vascular  bed.  The  increase  in  the  pressure  of  the  cerebro- 
spinal fluid  and  in  the  brain  volume  may  be  taken  to  be  a  rough  index 
of  the  passage  of  fluid  from  blood  vessel  to  tissue;  the  return  of  the 
vascular  pressures  to  normal  levels  while  the  pressure  of  the  cerebro- 
spinal fluid  remained  high,  indicated  the  completion  of  certain  of  the 
phases  of  readjustment.  In  the  readjustments  effected  by  the  organism 
to  the  injection  of  hypertonic  solutions,  there  were  somewhat  sunilar 
phases,  yet  differing  because  the  great  increase  of  fluid-volume  in  the 
circulating  blood  was  not  immediate  but  was  due  to  the  attraction  of 
water  from  the  body-tissues  and  possibly  from  the  body-fluids — a  phe- 
nomenon shown  by  the  decrease  in  brain  volume  and  by  the  reduction 
of  the  pressure  of  the  cerebrospinal  fluid. 

Such  an  explanation  of  the  phenomena  reported  leads  one  naturally 
to  a  consideration  of  the  role  played  by  the  osmotic  pressure  of  the  blood 
in  the  normal  process  of  absorption  of  the  cerebrospinal  fluid.  And 
intimately  connected  with  such  a  problem  is  that  of  the  volume  of  the 
brain  in  its  relation  to  the  intracranial  pressure.  At  the  present  time 
there  are  available  no  data  which  will  permit  of  exact  statement;  it 
must  be  realized  that  the  osmotic  changes  in  the  blood,  effected  by  such 
relatively  large  injections  of  solutions  of  various  concentrations,  are 
probably  beyond  the  ordinary  physiological  limits  of  change.  But  if 
one  may  judge  merely  by  the  anatomical  and  physiological  evidence 
afforded  by  subarachnoid  injection  of  isotonic  foreign  solutions,  osmosis 
and  diffusion  play  subordinate  roles  in  the  normal  process  of  absorption 
of  the  cerebrospinal  fluid  into  the  blood  stream. 

Fharrnacological  agents  and  tissue  extracts.  Most  of  the  work  done  on 
this  subject  has  l)een  actuated  by  the  tenet  that  alteration  in  th(»  pres- 
sure of  the  cerebrospinal  fluid,  without  significant  change  in  intracranial 
vascular  pressuroH,  affords  a  more  reliable  means  of  determining  the 
effect  of  th<«w;  various  agents  upon  th<»  rate  of  production  of  tlu^  fluid 
than  the  outflow  method.  While  logically  this  subject  should  perhaps 
\)o  (IJHCUHHed  tinder  the  heading  of  the  modification  of  the  rate  of  elabora- 
tion of  the  liquid,  it  may  propj'rly  be  trcMtccl  here  as  an  exporim(Mital 
alteration  of  the  fluid  pressuic  . 

It  may  Ik*  stated  at  the  ouImI  liial,  iIk  re  is  no  unaniiuily  ol  tipinioa 
regarding  the  efTect  of  either  pharmacological  agents  or  tissue  extracts 
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upon  the  pressure  of  the  cerebrospinal  fluid,  without  significant  altera- 
tion in  intracranial  arterial  or  venous  pressures.  Dixon  and  Halli- 
burton (20)  found  that  extracts  of  the  choroid  plexus,  chloroform,  ether, 
urethane,  carbon  dioxide,  amyl  nitrite,  pilocarpine  and  other  drugs 
caused  a  "secretory  rise"  in  cerebrospinal  fluid  pressure  which  was 
independent  of  the  intracranial  vascular  alterations.  Becht  (1)  has 
investigated  the  subject  from  the  same  angle,  using  methods  somewhat 
similar,  and  has  stated  that  (p.  124)  "all  the  changes  in  the  fluid  pressure 
and  in  the  fluid  outflow  which  have  been  offered  as  proof  of  the  secretory 
mechanism  of  formation  of  the  cerebrospinal  fluids  can  be  traced  to 
alterations  in  venous  and  arterial  pressures  in  the  skull."  Similar  con- 
clusions have  been  reached  by  Becht  and  Matill  (3)  and  by  Becht  and 
Gunnar  (2). 

With  this  conflicting  evidence  it  is  of  course  impossible  to  do  other 
than  reserve  opinion  in  the  matter.  But  certain  aspects  of  the  con- 
troversy may  be  commented  upon.  Dixon  and  Halliburton  and  Becht 
determined  cerebral  venous  pressures  in  the  torcular  Herophili — a  meth- 
od which  because  of  the  wide  divergences  in  normal  pressures  reported 
does  not  seem  adequate  though  qualitative  changes  in  the  pressures  are 
probably  fairly  accurately  shown.  While  the  simple  manometric  meth- 
od has  been  modified  by  Becht  and  Gunnar  (2),  it  still  has  certain 
limitations  in  determining  a  true  change  in  rate  of  production  of  cere- 
brospinal fluid.  Of  these,  the  fact  that  the  normal  channels  of  absorp- 
tion are  intact  and  functioning  is  the  most  obvious  though  Becht  has 
minimized  the  weight  of  this  objection.  There  is  however  a  much 
more  formidable  disadvantage  in  that  the  manometric  method  cannot 
take  into  account  the  experimental  alteration  of  the  volimie  of  the  brain. 
The  pressure-changes  in  the  cerebrospinal  fluid,  effected  by  the  intra- 
venous injection  of  distilled  water,  appear  to  fulfil,  after  the  period  of 
acute  vascular  change,  all  of  the  conditions  necessary  for  the  determina- 
tion that  the  injection  has  caused  an  increased  production  of  fluid — a 
markedly  elevated  cerebrospinal  fluid  pressure  with  intracranial  vascular 
pressures  at  the  pre-injection  levels.  The  outspoken  increase  in  brain 
volume  under  such  conditions,  however,  may  well  be  the  sole  explana- 
tion of  the  phenomenon;  until  the  experimental  variations  in  brain 
volume  are  more  fully  understood,  the  evidence  obtained  by  the  mano- 
metric method  should  be  accepted  only  with  reservations. 
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MODIFICATION   OF   RATE    OF   OUTFLOW   OF   CEREBROSPINAL   FLUID 

That  certain  pharmacological  substances  may  modify  the  rate  of 
flow  of  cerebrospinal  fluid  from  a  cannula  introduced  into  the  subarach- 
noid space  was  first  determined  by  Cappelletti  (9)  in  1900.  Employ- 
ing Cavazzani's  (11)  method  of  making  a  fistula  into  the  cistern  region, 
Cappelletti  showed  that  ether  given  by  intratracheal  tube  in  a  curarized 
dog  increased  the  rate  of  flow  of  the  fluid  from  0.15  to  0.35  grams  per  15- 
minute  interval  to  4.72  grams  for  the  same  interval.  A  second,  a  third 
and  a  fourth  administration  gave  momentary  increases  but  not  of  the 
same  extent  as  the  initial.  Similar  positive  results  were  obtained  with 
pilocarpine,  but  the  increases  though  obvious  were  not  marked.  Very 
slight  augmentation  of  the  rate  of  outflow  was  also  obtained  with  amyl 
nitrite,  while  atropine  and  hyoscyamine  caused  a  decrease  and  on  repeti- 
tion a  cessation  of  the  outflow. 

Pettit  and  Girard  (55)  immediately  confirmed  and  extended  these 
experimental  findings  of  Cappelletti,  including  in  their  studies  histologi- 
cal examination  of  the  choroid  plexuses.  And  Meek's  (49)  observations 
were  likewise  entirely  confirmatory.  The  scope  of  the  investigation 
was  widened  in  1913  by  Dixon  and  Halliburton  (19)  who  studied  the 
effect  of  a  large  number  of  substances  upon  the  rate  of  outflow  of  cere- 
brospinal fluid  from  an  occipito-atlantoid  cannula.  They  were  able  to 
classify  the  substances  into  four  groups  according  to  their  effect  on  this 
rate  of  outflow,  placing  the  volatile  anesthetics,  alcohol,  carbon  dioxide 
and  extracts  of  choroid  plexus  and  of  brain  in  the  group  which  caused 
marked  increase  in  secretion.  Slight  increases  in  the  outflow  were  found 
to  be  caused  by  large  injections  of  water  or  of  normal  saline,  cholesterin, 
kephalin,  atropine,  pilocarpine  and  amyl  nitrite.  In  the  large  third 
group  of  substances  which  caused  no  increase  or  a  diminution  of  secre- 
tion were  included  extracts  of  the  pituitary,  of  mussel,  of  pineal  and  of 
pia  mater,  glucose,  urea,  lecithin,  etc.,  while  in  the  last  group  whore  the 
effect  was  possibly  masked  by  vascular  or  respiratory  changes,  were 
muscarin,  pilocarpine,  adrenalin,  etc. 

Shortly  thereafter  Dundy  and  Hlackfan  (18),  obtaining  cerebrospinal 
fluid  by  introduction  of  a  special  cannula  through  the  atlas,  found 
niiirkcd  accelerations  of  the  rate  of  output  of  cerebrospinal  fluid  follow- 
ing udminiHtrution  of  ether  and  siigiit  aiignientutions  after  i)il()('arpiiie. 
With  amyl  nitrite  and  extracts  of  choroid  i)lexuH  and  of  posterior  lobe 
of  the  hypophysiH,  no  change  in  the  ndc  of  output  of  lh(>  fluid  was 
obferved. 
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Realizing  the  limitations  of  this  technique  in  that  the  normal  channels 
of  absorption  were  intact  and  that  the  intracranial  pressm-e  was  reduced 
to  the  resistance  of  the  needle,  Weed  and  Gushing  (71)  in  1915  cathete- 
rized  the  third  ventricle  and  studied  the  outflow  from  the  catheter 
whose  resistance  was  established  at  approximately  normal  pressure  of  the 
fluid.  In  addition,  cerebrospinal  fluid  was  obtained  by  callosal  and  oc- 
cipito-atlantoid  punctures  with  needles  of  similarly  standardized  resist- 
ances. Under  these  circumstances  the  intravenous  injection  of  extract  of 
posterior  lobe  of  the  hypophysis  was  found  to  increase  the  outflow  of 
cerebrospinal  fluid.  This  finding  was  explained  by  Dixon  and  Halliburton 
(21)  on  the  basis  that  the  hypophysial  extract  had  caused  a  contraction 
of  the  bronchioles  and  consequent  asphyxia.  Dixon  and  Halliburton 
used  an  intermittent  blast  for  their  artificial  respiration  while  Weed  and 
Gushing  employed  intratracheal  insufflation:  it  seems  questionable 
whether  this  explanation  of  the  finding  will  suffice. 

At  this  time  also,  Frazier  and  Peet  (34)  reported  that  brain-extract 
increased  the  secretion  of  the  cerebrospinal  fluid  as  determined  by  out- 
flow and  that  thyroid  extract  decreased  it,  independently  of  any  vascular 
changes. 

The  later  studies  of  the  effect  of  these  substances  upon  the  rate  of 
production  of  cerebrospinal  fluid  have  been  made  by  the  manometric 
method  and  have  been  discussed  in  the  preceding  section  of  this  review. 
The  limitations  of  the  outflow  method  were  realized  by  Weed  and  Gush- 
ing (71)  in  1915;  their  modifications  introduced  control  for  some  of  the 
sources  of  error  but  were  incomplete.  As  Becht  (1)  has  pointed  out, 
practically  all  of  this  work  is  of  no  scientific  value  because  of  failures  to 
record  simultaneously  the  intracranial  arterial  and  venous  pressures. 
Using  this  standard  but  employing  the  manometric  method,  Becht  and 
Matill  (3)  have  concluded  that  there  is  no  indisputable  evidence  that 
the  tissue  extracts  tested  have  a  specific  action  on  the  cerebrospinal 
fluid.  And  recently  Becht  and  Gunnar  (2)  reported  that  adrenalin, 
pituitrin,  pilocarpine  and  atropine  did  not  increase  the  production  of 
cerebrospinal  fluid,  as  deteiTnined  by  manometer  readings.  It  is  true 
that  the  method  of  recording  the  rate  of  outflow  of  cerebrospinal  fluid 
from  a  cistern  cannula,  even  with  careful  determinations  of  intracranial 
vascular  pressures,  yields  unreliable  data,  but  in  many  ways,  also,  the 
manometric  method  fails.  Both  of  these  methods,  which  at  the  present 
time  are  the  only  technical  approaches  to  the  problem,  are  of  question- 
able value  because  they  both  fail  to  take  account  of  the  experimental 
variation  in  brain-bulk.     When  a  method  which  will  permit  of  actual 
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determination  of  this  variable  brain  bulk,  with  observations  also  of 
cerebrospinal  fluid  pressure  and  with  a  record  of  intracranial  vascular 
pressures,  is  de\'ised,  data  of  conclusive  value  will  be  obtained.  And 
yet  one  cannot  but  lay  stress  upon  the  changes  in  the  choroidal  epithe- 
liiun  recorded  by  Pettit  and  Girard  (55)  after  the  injection  of  pilocarpine. 
Likewise,  as  first  reported  by  Cappelletti  (9)  and  since  noted  by  many 
workers,  the  rapidly  decreasing  responses  to  ether  and  pilocarpine  sug- 
gest strongly  that  the  accelerations  of  flow  of  cerebrospinal  fluid  under 
these  conditions  were  not  due  solely  to  vascular  alteration,  for  such 
ready  fatigabiUty  would  not  seem  to  be  associated  with  a  vasomotor 
reaction. 

In  this  connection  it  is  interesting  to  speculate  upon  the  possibility 
of  modification  of  the  rate  of  elaboration  of  the  cerebrospinal  fluid,  after 
the  intravenous  injection  of  solutions  of  various  concentrations.  There 
is  as  yet  no  evidence  of  value  in  this  regard,  though  Foley  and  Putnam 
presented  data  which  suggested  that  after  the  injection  of  a  strongly 
hypertonic  solution,  a  new  ratio  between  the  rate  of  production  and 
absorption  of  the  cerebrospinal  fluid  became  established.  But  the  final 
elucidation  of  this  phase  of  the  problem  will  require  additional  work 
before  definite  conceptions  are  acquired. 

RELATIONSHIP   OF   CEREBROSPINAL   FLUID   TO   NERVOUS   SYSTEM 

Many  phases  of  the  relationship  existing  between  the  central  nervous 
system  and  the  cerebrospinal  fluid  are  of  utmost  significance  in  the 
present  discussion.  Filling  the  cerebral  ventricles  and  central  canal  of 
the  spinal  cord,  the  fluid  also  completely  surrounds  the  cerebrospinal 
axis  in  the  subarachnoid  space.  This  double  relationship  has  prompted 
many  observers  to  look  upon  the  cerebrospinal  fluid  as  constituting  a 
fluid-cushion  for  the  central  nervous  system  within  the  closed  system  of 
cranium  and  vertebral  column.  It  has  also  prompted  other  workers  to 
liken  the  cerebrospinal  fluid  to  the  lymph  of  the  nervous  system — a 
conception  which  in  the  light  of  pn^scnt  knowledge  of  the  lymphatic 
system  is  untenable. 

Halliburton  (37),  in  a  recent  lecture,  declared  thnt  lh(>  ('(M-cbrospinal 
fluid  wrves  as  the  lymph  of  the  brain,  though  ch'arly  dilTereiitiating  it 
from  the  true  lymph  of  the  lymphatic  vessels.  It  seems  likely  that  such 
a  dcHignation,  even  when  correctly  (HialifuMi  as  ITalliburion  has  stated 
it,  is  apt  to  introduce  error.  All  modern  investigators  of  the  lymphatic 
system  are  agreed  that  true  lymphatic  vessels  do  not  exist  within  the 
dura  mater;  the  older  descriptions  of  such  lymphatic  vessels  were  actu- 
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ally  descriptions  of  intradural  tissue-channels,  subpial  tissue-channels, 
or  arachnoidal  cell-columns  within  the  dura  mater.  As  Sabin  (58)  has 
pointed  out,  our  knowledge  of  the  lymphatic  system  has  advanced  so 
that  it  becomes  now  necessary  to  restrict  the  term  "lymph"  to  the  fluid 
contained  within  true  lymphatic  vessels  and  not  to  use  it  to  designate 
any  body-fluid. 

But  in  one  respect  the  cerebrospinal  fluid  does  function  as  an  acces- 
sory fluid  to  the  central  nervous  system.  In  foregoing  sections  the 
drainage  of  the  fluid  contained  within  the  perivascular  channels  toward 
the  subarachnoid  space  has  been  commented  upon;  this  fluid  really 
becomes  added  to  the  ventricular  cerebrospinal  fluid  in  the  subarach- 
noid space.  In  that  sense,  then,  these  perivascular  spaces  represent 
accessory  drainage  channels,  uninterrupted  by  cell-membranes  and 
capable  of  carrying  toward  the  subarachnoid  space  the  waste  products  of 
nerve-cell  activity.  Lacking  a  true  lymphatic  system,  the  nervous 
tissue  apparently  makes  use  of  these  perivascular  channels  as  pathways 
for  fluid  elimination. 

The  ultimate  connection  of  these  perivascular  channels  with  potential 
spaces  about  each  nerve-cell  indicate  the  close  relationship  between  the 
cerebrospinal  fluid  and  the  nervous  system.  And  in  addition  to  these 
rather  obvious  fluid  spaces  about  the  nerve-cells,  there  is  evidence 
indicating  that  this  fluid-system  is  intimately  connected  with  the  general 
tissue-channels  through  the  ground-substance  of  the  brain.  The 
general  direction  of  flow  of  this  fluid  under  normal  conditions  seems  to 
be  toward  the  subarachnoid  space. 

But  under  certain  conditions  this  direction  of  flow  may  be  reversed 
so  that  the  cerebrospinal  fluid  passes  from  subarachnoid  space  to  nerve- 
cell.  The  first  of  these  conditions  is  that  of  cerebral  anemia  in  which, 
as  Mott  (52)  showed  by  histological  study,  all  of  the  perivascular, 
pericapillary  and  perineuronal  spaces  are  dilated.  The  author  (68) 
made  use  of  this  phenomenon  as  a  means  of  injecting  this  perivascular 
system  from  the  subarachnoid  space.  The  second  of  these  conditions 
imder  which  the  perivascular  flow  is  toward  nerve-cell,  is  brought  about 
by  the  intravenous  injection  of  strongly  hypertonic  solutions.  This 
phenomenon  was  first  noted  by  Weed  and  McKibben  (76)  who  supplied 
a  foreign  solution  of  sodium  ferrocyanide  and  iron-ammonium  citrate 
to  the  subarachnoid  space  at  the  time  when  the  cerebrospinal  fluid 
pressure  was  approaching  zero,  following  the  intravenous  injection  of  a 
strongly  hypertonic  solution.  This  foreign  solution  was  subsequently 
found  (p.  536)  "to  have  passed  from  the  subarachnoid  space  along  the 
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perivasculars  into  the  substance  of  the  nervous  system,  reaching  the 
interfibrous  spaces  in  the  white  matter  and  the  pericellular  spaces  in 
the  graj'."  These  observations  were  interpreted  as  indicating  that, 
under  the  influence  of  the  intravenous  injection  of  the  strongly  hyper- 
tonic solution,  the  dislocation  of  a  considerable  quantity  of  cerebro- 
spinal fluid  into  the  nervous  system  occurred. 

Foley  (29)  has  subsequently  carried  out  experiments  quite  similar  to 
those  reported  by  Weed  and  McKibben,  using  the  same  foreign  salts 
for  subarachnoid  introduction  and  intravenous  injections  of  strongly 
hypertonic  solutions.  In  addition  to  the  findings  already  detailed, 
Foley  obtained  evidence  of  a  retrograde  absorption  not  only  by  epen- 
dyma  but  by  choroid  plexuses.  The  absorption  by  the  cpendyma  is 
amply  verified  by  the  work  of  Wislocki  and  Putnam  (79)  and  Naiiagas 
(53),  but  these  latter  workers,  using  careful  histological  control,  have 
been  unable  to  obtain  evidence  of  absorption  of  the  foreign  salts  by 
the  choroid  plexuses. 

And  in  work  as  yet  unpublished  the  writer  has  repeated  many  of  his 
earlier  experiments  done  with  McKibben,  with  findings  confirmatory  in 
every  regard.  The  intracranial  vascular  and  the  cerebrospinal  fluid 
pressures  have  been  determined  both  before  and  throughout  the  period 
of  subarachnoid  introduction  of  the  foreign  solution,  so  that  definite 
physiological  control  is  afforded.  The  results  indicate  that  with  the 
increase  of  osmotic  pressure  of  the  blood,  due  to  the  intravenous  injec- 
tion of  hypertonic  solutions,  the  cerebrospinal  fluid  is  aspirated  into  the 
shrinking  nervous  system,  chiefly  along  the  perivascular  channels  but 
also  through  the  ependymal  lining  of  the  ventricles.  Along  these  chan- 
nels, under  this  extraordinary  osmotic  pull,  actual  absorption  of 
the  fluid  into  the  vessels  of  the  nervous  tissue  takes  place.  The 
findings  suggest  a  reversal,  following  the  injection  of  the  hypertonic 
solution,  of  the  normal  processes;  the  osmotic  pressure  of  the  l)lood 
stream,  under  these  conditions,  seems  to  be  a  determining  factor  in  the 
absorption  of  the  cerebrospinal  fluid.  Interpretation  of  certain  of  the 
experimental  observations  makes  it  seem  likely  that  diffusion  also  plays 
a  part  in  the  process. 

r£8Um£ 

The  limitations  of  this  review  have  niiid(!  it  impossil)lo  to  more  than 
rather  briefly  discuss  a  few  of  the  many  problems  coiuioctod  with  the 
cerebrospinal  fluid.  Many  c'(iually  absorbing  phases  have  boon 
untoucbcd  for  one  or  another  reason  but  an  attempt  has  been  made  to 
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indicate  the  type  of  evidence  which  has  furnished  the  working  hypotheses 
and  to  point  out  the  Hmitations  of  the  procedures  on  which  so  many 
conclusions  have  been  based. 

Our  present  knowledge  of  the  processes  of  the  cerebrospinal  fluid  in 
many  respects  is  inadequate.  The  conception  that  this  characteristic 
body-fluid  is  largely  produced  by  the  intraventricular  choroid  plexuses 
is  based  not  on  any  single  conclusive  piece  of  evidence  but  on  a 
mass  of  suggestive  data ;  when  considered  from  all  standpoints,  however, 
the  hypothesis  seems  today  well  established.  The  current  ideas  regard- 
ing the  circulation  of  the  fluid  through  cerebral  ventricles  and  sub- 
arachnoid space  are  founded  largely  on  exact  anatomical  evidence, 
particularly  in  regard  to  the  structure  of  the  meninges  and  the  use  of 
these  intrameningeal  channels  as  fluid-pathways.  And  likewise,  there 
are  firm  and  reliable  data  of  an  anatomical  and  physiological  nature 
supporting  the  contention  that  the  cerebrospinal  fluid  is  absorbed 
largely  into  the  venous  system  and  to  a  lesser  extent  into  the  lymphatic 
channels.  It  is  possible  now  to  discard  the  hypothesis  of  equaUty 
between  the  cerebrospinal  fluid  pressure  and  that  of  the  cerebral  veins, 
and  to  regard  the  cerebrospinal  fluid  as  being  maintained  at  an  indi- 
vidual, relatively  independent  pressure  at  fairly  constant  levels  above 
that  of  the  sagittal  venous  sinus.  The  conceptions  of  pressure-changes 
effected  by  the  intravenous  injection  of  solutions  of  various  concentra- 
tions are  substantiated  by  dependable  observations,  but  it  does  not  seem 
as  yet  justifiable  to  accept,  without  further  control,  the  data  furnished 
in  regard  to  similar  changes  brought  about  by  administration  of  phar- 
macological agents  and  tissue  extracts.  And  the  same  cautions  may 
be  urged  in  regard  to  the  acceptance  of  conclusions  based  on  the  effects 
of  various  agents  upon  the  rate  of  outflow  of  the  fluid. 

Yet  these  problems  are  but  few  of  the  many  fascinating  subjects  of 
investigation  in  this  field.  The  interesting  questions  of  the  chemical 
composition  of  the  fluid  have  not  been  discussed:  is  the  cerebrospinal 
fluid  a  true  secretion,  a  transudate,  or  a  modified  dialysate?  Likewise, 
the  long-debated  problems  of  the  passage  of  foreign  salts,  of  drugs,  etc., 
from  blood  stream  into  the  fluid  must  be  left  for  future  review,  though 
with  possibly  a  note  of  suggestion  that  these  investigations  be  carried 
out  with  control  of  the  cerebrospinal  fluid  pressure.  And  so  may  the 
many  other  partially  answered  questions  centering  about  this  fluid  be 
enumerated. 

But  in  this  field  of  research  the  work  of  the  next  few  years  will  solve 
certain  problems;  yet  the  solution  of  these  will  but  expose  wider  fields 
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for  examination.  Here,  as  in  countless  other  investigations,  the  study  of 
structure  must  proceed  hand  in  hand  with  the  study  of  function, 
for  many  of  the  erroneous  conceptions  introduced  into  the  hterature  of 
the  cerebrospinal  fluid  have  been  due  to  failure  to  give  regard  to  one  or 
other  of  these  basic  factors.  Future  investigations  will  be  the  more 
profitable  if  the  studies  be  largely  along  the  lines  of  phj^siological- 
anatomical  control. 
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MILK  SECRETION  AS  RELATED  TO  DIETi 

EDWARD  B.  MEIGS 

From  the  Research  Laboratories  of  the  Dairy  Division,  United  States 
Department  of  Agriculture 

The  following  will  serve  as  a  rough  outline  of  the  various  kinds  of 
experiments  which  have  been  carried  out  to  throw  light  on  the  physi- 
ology of  milk  secretion  as  related  to  diet. 

1.  Experiments  on  the  chemistry  of  the  various  food  materials  and 
of  milk.  A  review  of  the  chemistry  of  milk  was  published  by  Raudnitz 
in  1903  (97). 

2.  Experiments  in  which  the  quantity  of  particular  constituents  of 
the  food  was  varied  while  the  composition  and  yield  of  the  milk  were 
studied. 

3.  Experiments  in  which  the  income  and  outgo  of  various  nutritional 
elements  and  compounds  were  studied  by  determining  their  quantity 
simultaneously  in  the  food  and  in  the  milk  and  excreta.  Such  experi- 
ments have  been  used  to  throw  light  on  a  great  number  of  problems; 
as,  for  instance,  on  the  digestibility  of  various  compounds,  and  on  the 
quantities  of  these  required  to  supply  a  given  milk  production,  on  the 
manner  in  which  a  lactating  animal  responds  to  a  shortage  of  some 
particular  compound  in  the  diet,  and  on  such  questions  as  whether  milk 
fat  can  come  from  the  carbohydrate  or  protein  of  the  diet. 

4.  Experiments  on  the  chemistry  of  the  blood  of  milking  animals. 
For  some  time  past  efforts  have  been  made  to  determine  in  this  way  in 
what  chemical  form  the  iinmodiato  precursors  of  the  various  constituents 
of  milk  are  carried  in  the  blood.  More  recently,  the  chemistry  of  the 
precursors  of  milk  having  l)een  to  some  extent  determined,  efforts  have 
lx;cn  made  to  discover  how  the  concent rntion  of  these  in  the  blood  is 
regulated,  and  what  effect  variations  in  flicir  concentration  have  on 
milk  fMjcretion. 

5.  In  a  few  very  recent  experiments  u( tempts  have  been  nuule  to 
determine  the  relation  lx;tween  milk  sticretion  and  the  vitamines  of 
the  food. 

I  Published  with  the  permiiision  of  the  Soorotary  of  Agriculture. 
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It  is  of  course  impossible,  in  a  brief  review,  to  discuss  adequately  all 
the  experiments  that  come  under  the  above  headings.  This  article 
will  concern  itself  chiefly  with  that  part  of  the  field  which  bears  on  the 
problem  of  the  regulation  of  milk  secretion  through  the  diet,  taking 
into  consideration  particularly  the  newer  work  which  opens  the  road 
toward  showing  how  this  regulation  is  accomplished  through  changes 
in  the  composition  of  the  blood. 

I.  Experiments  in  which  the  milk  yield  was  studied  while 
CHANGES  were  MADE  IN  THE  FOOD.  Ecklcs  and  Palmer  studied  the 
composition  and  yield  of  milk  in  cows  which  were  on  generallj'  super- 
abundant rations  (24)  and  on  rations  generally  insufficient  to  supply 
their  requirements  for  maintenance  and  milk  yield  (25).  The  results 
of  the  experiments  with  superabundant  rations  indicated  that  the  milk 
yield  was  little  or  not  at  all  increased  by  feeding  rations  more  liberal  than 
those  required  by  the  accepted  standards  for  feeding  dairy  cows,  and 
that  the  composition  of  the  milk  was  not  affected. 

The  experiments  with  inadequate  rations  were  carried  out  partly  on 
cows  in  the  early  stage  of  lactation  and  partly  at  a  later  stage.  The 
cows  in  the  early  stage  of  lactation  showed  a  remarkable  power  of 
secreting  milk  on  very  inadequate  rations.  That  they  used  the  ma- 
terials of  their  own  bodies  to  supply  the  deficiency  was  shown  by  their 
decreases  in  body  weight.  At  later  stages  of  lactation  the  response  to 
inadequate  rations  consisted  more  in  a  reduction  of  milk  yield  and  less 
in  the  mobiUzation  of  the  body  tissues. 

The  inadequate  rations  produced  no  change  in  the  lactose  content 
of  the  milk.2  The  changes  in  the  concentration  of  the  fat  and  protein 
were  rather  irregular,  but  the  fat  content  of  the  milk  was  increased 
rather  more  often  than  decreased  by  the  inadequate  feeding. 

Basch  reviewed  the  subject  of  milk  secretion  in  1903  (6).  He  refers 
to  the  earlier  investigators  who  studied  the  effects  of  changes  in  partic- 
ular constituents  of  the  diet  on  the  composition  and  quantity  of  the 
milk  yielded,  and  gives  an  outline  of  their  results.  For  citations  of 
work  prior  to  1903,  the  reader  is  referred  to  Basch's  article. 

The  results  of  these  earlier  investigations  may  be  summed  up  in  a 
few  words.  There  is  a  general  agreement  that  the  quantity  of  milk 
yielded  is  highly  dependent  on  the  quantity  of  protein  supplied  in  the 
food.  It  is  a  very  general  rule  that  increased  protein  in  the  food  results 
in  an  increased  milk  yield,  and  vice  versa.    The  effects  of  changes  in 

*  Throughout  this  article  the  word  "content"  will  be  used  as  above  to  mean 
"concentration,"  not  the  total  amount  of  the  constituent  in  question  secreted. 
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the  quantity  of  food  protein  on  the  composition  of  the  milk  are  not 
constant.  An  increase  in  the  food  protein  may  have  no  effect  on  the 
concentration  of  milk  nitrogen,  or  may  be  followed  by  either  an  increase 
or  a  decrease  in  this  factor.  It  may  similarly  be  followed  by  no  change 
or  by  either  of  the  two  possible  changes  in  the  concentration  of  milk 
fat.  But  an  increase  in  the  quantitj^  of  food  protein  usually  results  in 
an  increase  in  the  total  amount  of  milk  fat  secreted. 

The  results  obtained  by  changing  the  quantity  of  fat  in  the  ration  are 
even  more  variable  than  those  in  regard  to  protein.  Some  authors 
find  that  an  increase  of  fat  in  the  food  is  followed  both  by  an  increased 
milk  jdeld  and  by  an  increased  concentration  of  milk  fat;  others  get 
neither  of  these  results;  still  others  get  one  without  the  other. 

Comparatively  little  work  has  been  done  on  the  effect  of  changes  in 
the  carbohydrate  of  the  food.  It  has  been  found,  however,  that  where 
moderate  amounts  of  carbohydrates  are  added  to  or  subtracted  from 
the  ration,  little  or  no  change  follows  in  either  the  composition  or  quan- 
tity of  the  milk. 

The  results  which  have  just  been  summed  up  must  be  considered  in 
relation  to  the  possibility  of  the  conversion  of  one  food  constituent  into 
another.  Milk  protein  must,  of  course,  come  ultimately  from  the  pro- 
tein of  the  food.  But  many  investigators,  whose  work  has  been  re- 
viewed by  Lusk  (76,  pp.  223-247)  have  shown  that  food  protein  may 
be  converted  into  either  fat  or  carbohydrate  in  the  animal  body;  and 
Jordan  and  his  collaborators  (67),  (68)  have  shown  specifically  that  the 
carbohydrate  of  the  food  may  be  converted  into  milk  fat. 

It  is  easy  to  see,  therefore,  why  the  protein  of  the  food  should  occupy 
a  dominant  position  in  regulating  milk  yield.  If  the  food  protein  is 
insufficient  for  the  quantity  of  protein  that  is  being  excreted  in  the 
milk,  the  animal  must  either  take  protein  from  her  own  body  or  reduce 
the  secretion  of  milk  protein ;  it  is  not  surprising  that  she  usually  does 
both  at  the  same  time.  In  the  cases  of  fat  and  carbohydrate,  on  the 
other  hand,  there  is  a  much  larger  number  of  possibilities. 

It  is  not  surprising,  in  view  of  these  considerations,  that  the  n^sults 
of  changes  in  diet  on  the  composition  of  milk  iiave  been  rather  variable. 
The  effect  on  milk  yield  of  any  change  in  diet  will  depend  on  a  great 
number  of  accessory  experimental  aspects — on  the  amount  of  the 
change,  on  the  level  at  whicii  the  change  is  made,  on  the  quantity  of 
other  constituents  lx>ing  fed,  on  the  nutritive  state  of  the  animal,  and 
on  other  factors  which  the  reader  can  easily  injagitie.  The  more  modern 
investigations  have  kept  these  factors  more  or  U^ss  in  view. 
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Shortly  after  the  pubhcation  of  Basch's  review,  Morgen  and  a  number 
of  collaborators  attacked  the  problem  of  the  effect  of  food  on  milk 
yield  (89),  (90),  (91),  (92).  These  authors  carried  out  an  extensive 
set  of  investigations  on  the  effects  of  diet  on  the  composition  and  yield 
of  milk,  using  sheep  and  goats  as  their  experimental  animals.  Their 
results  may  be  summarized  as  follows: 

When  the  fat  in  the  ration  of  a  milking  animal  amounts  to  less  than 
0.5  gram  daily  per  kilogram  of  animal,  an  addition  of  fat  to  the  ration, 
as  a  substitute  for  carbohydrate,  has  a  marked  effect  in  increasing  the 
percentage  of  fat  in  the  milk,  as  well  as  the  total  milk  yield.  The  milk 
yield  and  the  fat  content  of  the  milk  continue  to  increase  with  the 
addition  of  fat  to  the  ration  up  to  about  1  gram  per  kilogram  of  animal. 
The  further  substitution  of  fat  for  carbohydrate  has  no  effect  on  milk 
yield,  except  in  unusual  cases.  When  the  milk  yield  is  increased  by 
the  addition  of  fat  to  the  ration  as  described  above,  the  nitrogen  content 
is  generally  reduced. 

Additions  of  protein  to  the  ration  at  almost  any  level  tend  to  increase 
the  milk  yield.  The  nitrogen  content  of  the  milk  is  sometimes  increased 
and  sometimes  decreased;  the  fat  content  is  generally  lowered,  but  the 
total  amount  of  fat  secreted  is  generally  increased. 

The  authors  did  not  try  in  any  of  their  experiments  to  use  a  basal 
ration  in  which  the  carbohydrate  was  reduced  to  a  minimum.  They 
did,  however,  try  adding  moderate  quantities  of  carbohydrate  to  rations 
which  already  contained  the  usual  proportion  of  that  material,  and 
found  that  it  had  little  or  no  effect  on  either  the  composition  or  the 
yield  of  milk. 

The  concentration  of  lactose  in  the  milk  was  not  significantly  affected 
by  any  of  the  changes  in  ration  which  they  carried  out. 

In  recent  experiments  Gary  has  studied  the  effects  on  milk  yield  of 
making  large  reductions  in  either  the  protein  or  the  carbohydrate  of 
the  food,  starting  from  an  approximately  normal  ration  (15).  A  large 
reduction  in  either  of  these  constituents  of  the  food  is  followed  by  a 
marked  falling  off  in  milk  yield  which  begins  a  few  hours  after  the  food 
is  changed.  A  shortage  of  protein  in  the  food  reduced  the  nitrogen  and 
fat  contents  of  the  milk,  the  sugar  content  remaining  unchanged.  A 
marked  shortage  of  carbohydrate  in  the  food  also  reduced  the  nitrogen 
content  of  the  milk,  but  in  this  case  the  fat  and  sugar  contents  remained 
unchanged. 

Fingerling  (33)  has  carried  out  experiments  on  goats  in  which  the 
quantities  of  calcium  and  phosphorus  in  the  rations  were  varied  while 
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the  yield  and  composition  of  the  milk  were  studied.  Reduction  in 
the  calcium  and  phosphorus  of  the  rations  at  first  produced  no  effect 
on  the  milk  yield;  after  several  weeks  the  yield  of  milk  began  to  fall 
off  progressively  while  the  concentrations  of  calciimi  and  phosphorus 
in  the  milk  rose;  these  changes  were  largely  reversed  by  restoring 
calcium  and  phosphorus  to  the  rations. 

Jordan,  Hart  and  Patten  (69)  carried  out  two  experiments  in  which 
the  phosphorus  content  of  the  ration  was  varied  while  the  yield  and 
composition  of  milk  were  studied.  The  phosphorus  concentration  in 
the  milk  was  not  affected,  but  the  percentage  of  milk  fat  was  noticeably 
reduced  on  the  low  phosphorus  ration,  and  vice  versa.  The  milk 
jield  was  little  changed  by  the  change  in  the  food  phosphorus;  it  tended 
to  be  a  little  higher  on  the  low  than  on  the  high  phosphorus  ration. 

The  experiments  of  Fingerling  and  of  Jordan,  Hart  and  Patten  show 
that  milk  yield  is  not  affected  by  changes  in  the  calcium  and  phosphorus 
content  of  the  diet  until  after  a  considerable  interval.  Recent  experi- 
ments of  Meigs  and  Woodward  (84a)  indicate  that  the  full  effects  on 
milk  yield  of  dietary  deficiencies  in  one  or  both  of  these  elements  may 
not  be  exhibited  for  several  years,  and  that  the  yield  of  any  given 
lactation  period  may  depend  to  a  considerable  extent  on  whether  or 
not  the  lactating  animal  received  sufficient  calcium  and  phosphorus  in 
the  rations  preceding  the  beginning  of  that  period. 

The  results  which  have  just  been  given  may  be  summarized  as 
follows: 

Both  the  milk  yield  and  the  composition  of  the  milk  may  be  con- 
siderably influenced  by  changes  in  the  ration.  Of  the  three  main 
organic  constituents  of  the  milk,  the  carbohydrate  is  by  far  the  most 
constant;  its  concentration  is  not  affected  by  any  of  the  changes  in 
ration  so  far  studied.  Reductions  in  the  protein  of  the  ration  result 
very  generally  in  reductions  in  the  milk  yield.  The  nitrogen  content 
is  usually  either  decreased  or  unaltered,  and  the  fat  content  may  be 
altered  in  cither  direction  or  may  remain  unchanged.  Reductions  in 
tho  fat  of  the  ration  have  little  or  no  effect  on  the  composition  and  yield 
of  milk  until  the  amount  of  fat  fed  falls  Ijelow  1  gram  per  kilogram  of 
animal.  When  it  falls  IjoIow  this  level,  the  milk  yield  and  the  fat 
content  of  the  milk  are  generally  reduced,  while  the  nitrogen  content 
is.incrcascd.  Small  cluinges  in  the  amount  of  carbohydrate  fed,  com- 
parable in  absolute  magnitude  with  those  which  have  been  studied  in 
the  canes  of  protein  and  fat  have  no  imm<Hliate  significant  effect  on 
either  the  yield  or  i\\v.  composition  of  the   milk.     Large   nuluctions, 
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amounting  to  50  per  cent  of  the  total  nutrients  contained  in  the  ration, 
reduce  the  milk  yield  and  the  concentration  of  nitrogen  in  the  milk, 
while  leaving  the  fat  and  carbohydrate  content  practically  unchanged. 
The  effects  of  changes  in  the  amounts  of  carbohydrate  fed  when  the 
total  quantity  of  this  constituent  in  the  basal  ration  is  reduced  to  a 
minimum,  have  not  been  studied. 

A  reduction  in  the  amount  of  phosphorus  in  the  ration  may  have  the 
effect  of  reducing  the  fat  content  of  the  milk,  while  leaving  the  phos- 
phorus content  and  the  total  milk  yield  practically  unchanged.  Simul- 
taneous marked  reduction  of  the  calcium  and  phosphorus  in  the  ration 
results  after  an  interval  in  a  reduction  in  the  milk  yield.  The  calcium 
and  phosphorus  contents  of  the  milk  are  actually  increased,  though  the 
total  amounts  secreted  arc  reduced.  The  full  effects  on  the  milk  yield 
of  a  shortage  of  calcium  or  phosphorus  in  the  ration  may  not  show 
themselves  for  a  very  long  time. 

The  above  results  are,  in  many  cases,  not  such  as  would  be  expected 
from  a  cursory  consideration  of  the  subject.  In  some  cases  they  suggest 
hypotheses  regarding  the  nature  of  the  relation  between  food  supply 
and  milk  secretion;  in  others  they  hint  at  metabolic  relations  which 
demand  careful  consideration. 

It  may  first  be  pointed  out  that  there  is  a  rather  sharp  contrast 
between  the  effects  of  changing  the  organic  constituents  of  the  ration 
and  those  of  changing  the  inorganic  constituents.  If  either  the  protein 
or  the  total  nutrients  of  the  ration  be  sharply  reduced,  the  milk  yield 
generally  begins  to  fall  off  within  a  few  hours.  In  Fingerling's  experi- 
ments, on  the  other  hand  (33),  although  the  relative  reduction  in  the 
amount  of  calcium  and  phosphorus  fed  was  larger  than  the  reductions 
in  the  organic  constituents  studied  by  the  other  authors,  nevertheless  the 
milk  yield  was  not  much  affected  for  several  weeks.  Fingerling  followed 
the  calcium  and  phosphorus  balances  in  his  experiments,  and  found  that 
his  animals  began  to  lose  these  elements  from  their  bodies,  as  soon  as 
they  were  put  on  the  low  mineral  rations.  His  results  give  an  inter- 
esting picture  of  the  quantitative  relations  for  such  phenomena,  the 
rates  at  which  calcium  and  phosphorus  are  lost  from  the  bodies  of 
milking  animals  on  deficient  rations,  the  time  at  which  milk  yield 
begins  to  be  affected,  the  manner  in  which  it  is  affected,  and  the  extent 
to  which  it  may  be  restored  by  a  return  to  adequate  rations. 

There  are  numerous  other  experiments  which  show  that  milking 
animals  may  remain  for  considerable  periods  in  marked  negative  calcium 
and  phosphorus  balance  without  showing  much  drop  in  milk  yield. 
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Among  these  those  of  Hart  and  of  Forbes  and  their  collaborators  are 
particularly  to  be  mentioned  (52),  (42),  (43),  (44). 

The  milk  yield  is  much  more  immediately  affected,  therefore,  by  a 
serious  shortage  of  the  organic  constituents  of  the  ration  than  by  a 
shortage  of  calcium  and  phosphorus.  But  the  reader  must  not  take 
away  the  impression  that  the  milking  animal  adjusts  herself  to  a  short- 
age of  protein,  fat  or  carbohydrate  mereh^  by  reducing  the  quantity 
of  the  missing  material  secreted  in  the  milk.  The  work  of  Hart  and  his 
collaborators  (53),  (54),  (55),  (56),  (57)  shows  that  cows  on  an  inade- 
quate protein  ration  go  into  negative  nitrogen  balance  and  fall  off  in 
their  milk  yield  at  the  same  time.  The  work  of  Jordan  and  his  collab- 
orators, on  the  other  hand  (67),  (68),  shows  that  cows  on  an  inadequate 
fat  ration  may  respond  by  manufacturing  fat  from  carbohydrate  as 
well  as  by  reducing  the  quantity  of  milk  fat  secreted.  And  there  is  no 
doubt  that  the  body  stores  of  fat  and  carbohydrate  are  frequently 
called  on  when  the  necessity  arises.  The  situation  may  be  summed 
up  by  saying  that  a  serious  shortage  in  any  of  the  food  constituents 
80  far  studied  either  throws  the  milking  animal  into  immediate  negative 
balance  as  far  as  that  constituent  is  concerned,  or  causes  her  to  begin 
manufacturing  the  constituent  from  some  other  material.  In  the  cases 
of  protein,  fat  and  carbohydrate,  however,  a  serious  shortage  also 
has  the  effect  of  immediately  reducing  the  amount  of  milk  secreted, 
whereas  a  serious  shortage  of  calcium  and  phosphorus  may  not  affect 
milk  secretion  for  a  considerable  time. 

The  work  considered  so  far  indicates  that  protein  plays  a  predominant 
part  in  regulating  milk  secretion.  The  authors  quoted  above  fre- 
quently make  the  statement  that  protein  "stimulates  milk  secretion," 
and  the  truth  of  the  statement  is  borne  out  by  the  following  aspects  of 
the  results.  In  the  first  place  it  is  shown  by  the  work  of  Morgen  and. 
his  collalx)rator8  (90),  (91),  (92)  that  changes  in  the  amount  of  protein 
fed  are  likely  to  affect  the  milk  yield  at  almost  any  level  of  protein 
feeding,  and  that  the  changes  in  total  milk  yield  produced  arc  large 
in  comparison  to  those  produced  by  comparable  (changes  in  the  (quantity 
of  either  fat  or  carbohydrate  fed.  In  tiie  second  place  it  comes  out  in 
all  the  pertinent  work,  but  particularly  again  in  that  of  Morgen  and 
his  collaborators,  that  changes  in  the  (luuntity  of  protein  fed  have  a 
marked  effect  on  tlu;  wliole  milk  yield,  with  subordinate  effects  on  the 
coin[)OHition  of  the  milk.  Changes  in  the  amount  of  fat  fed,  on  the  othei- 
band,  if  they  have  any  effect  at  all,  produce  comparatively  large  chiinges 
in  the  fat  content  of  ti)(>  milk  and  only  moderate  changes  in  the  total 
milk  yield. 
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It  is  true  that  large  changes  in  the  amount  of  carbohydrate  fed  (which 
mean  also  large  changes  in  the  total  energy  of  the  ration)  have  marked 
effects  on  milk  yield.  But  Gary  (15)  has  brought  out  the  suggestive 
point  that  a  reduction  in  the  carbohydrate  of  the  ration  causes  a  reduc- 
tion in  the  nitrogen  content  of  the  milk.  The  significance  of  this 
will  be  much  clearer  after  it  has  been  possible  to  take  up  another 
phase  of  the  subject. 

There  are  other  points  besides  this  in  the  investigations  so  far  con- 
sidered which  call  for  further  research.  Why,  for  instance,  should 
the  calcium  and  phosphorus  content  of  the  milk  be  actually  increased 
when  the  food  content  of  the  same  elements  is  diminished?  Why 
should  the  amount  of  phosphorus  in  the  ration  have  an  effect  on  the 
secretion  of  milk  fat?  Finally,  how  do  changes  in  the  quantity  of  this 
or  that  constituent  of  the  food  act  on  the  mammary  gland  to  regulate 
milk  secretion? 

The  reader  will  hardly  hope  for  complete  and  satisfactory  answers 
to  these  questions.  But  the  most  promising  method  of  approach  is 
obviously  to  go  deeper  into  the  chemical  changes  undergone  by  the 
food  materials  within  the  body  of  the  milking  animal.  A  number  of 
investigators  have  thrown  light  on  this  field  by  determining  the  pre- 
cursors of  the  milk  constituents  in  the  blood,  and  the  work  along  this 
line  will  next  be  taken  up. 

II.  The  precursors  of  the  milk  constituents  in  the  blood. 
1.  The  precursor  of  lactose.  In  1884  Bert  reported  experiments  (7) 
which  bear  on  the  problem  of  the  precursor  of  milk  sugar.  He  removed 
the  mammary  glands  of  goats;  then  had  the  animals  bred  and  allowed 
them  to  give  birth  to  their  young.  He  examined  the  urine  of  the 
mothers  just  after  the  j'^oung  were  born  and  found  that  it  contained 
sugar  while  the  urine  of  normal  goats  did  not  contain  sugar  just  after 
the  birth  of  the  young.  Bert  concludes  that  sugar  is  thrown  into 
the  blood  from  some  source — probably  the  liver — just  after  parturition, 
in  order  to  supply  the  sugar  to  be  secreted  in  the  milk.  When  the 
mammary  gland  is  not  present  to  dispose  of  the  extra  sugar,  the  latter 
escapes  in  the  urine. 

In  1909  Porcher  published  the  results  of  investigations  (96)  which 
confirmed  and  extended  the  work  of  Bert.  It  was  shown  that  the  post- 
partum glycosuria  of  females  deprived  of  their  mammary  glands  was 
accompanied  by  hyperglycemia;  that  the  sugar  in  question  was  glucose 
and  not  lactose;  and  that  the  post-partum  glycosuria  persisted  for  only 
a  short  time. 
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Results  rather  opposed  to  those  of  Bert  and  Porcher  have  been  re- 
ported by  Moore  and  Parker  (88),  by  Marshall  and  Kirkness  (83),  and 
by  Foa  (34),  and  have  given  rise  to  more  or  less  controversial  Hterature. 
It  seems  worth  while  to  give  a  short  discussion  of  this  controversy,  as 
the  results  of  Bert  and  Porcher  lend  support  to  two  important  propo- 
sitions in  regard  to  the  physiology  of  milk  secretion. 

The  two  propositions  are,  first,  that  during  lactation  dextrose  is 
actively  thrown  into  the  blood  by  some  organ,  probably  the  liver; 
and  second,  that  dextrose  is,  therefore,  probably  the  precursor  of  milk 
sugar.  The  facts,  as  observed  by  Bert  and  Porcher,  are  that  in  goats 
from  which  the  mammary  glands  have  been  removed  parturition  is 
followed  for  a  few  hours  by  hyperglycemia  and  glycosuria.  Porcher 
also  found  that  hyperglycemia  and  glycosuria  followed,  for  a  few  hours, 
the  operative  removal  of  the  mammary  glands  from  lactating  goats. 
In  both  kinds  of  experiments  the  hyperglycemia  and  glycosuria  remain 
at  their  height  for  less  than  twenty-four  hours  and  disappear  entirely 
within  three  or  four  days.  Both  Bert  and  Porcher  failed  to  get  these 
results  in  guinea  pigs,  or  got  them  to  onlj'  a  slight  extent. 

The  increased  blood  sugar  and  urinary  sugar  are,  therefore,  according 
to  the  results  of  these  authors  themselves,  to  be  regarded  as  largely 
in  the  nature  of  a  significant  accident.  In  goats  something  happens 
very  soon  which  either  inhibits  or  disposes  of  the  surplus  sugar  supply, 
so  that  it  does  not  appear  in  the  urine.  In  guinea  pigs,  for  some  reason, 
the  increased  blood  sugar  and  urinary  sugar  do  not  appear  at  all. 

The  results  of  Marshall  and  Kirkness,  Moore  and  Parker,  and  Fo^ 
do  not  really  contradict  this  point  of  view.  Marshall  and  Kirkness 
worked  only  on  guinea  pigs  and  obtained  the  same  negative  results  as 
Bert  and  Porcher.  Moore  and  Parker  worked  on  goats,  but  they  are 
vague  about  the  exact  time  after  parturition  at  which  they  examined 
the  urine.  In  one  of  the  two  goats  exporiiuenfod  on,  the  urino  did  show 
a  small  increase  in  reducing  power  after  parturition.  Foi\  reports  only 
two  experiments;  in  these  the  mammary  glands  were  removed  from 
lactating  goats.  The  operations  each  lasted  seven  hours,  and  tlu^  urine 
was  not  examined  until  three  hours  after  they  were  completed.  As 
nneftthcsia  and  operations  are  themselves  likely  to  have  an  effect  on 
HUkmI  Htigar  (UK))  this  form  (»f  experiment  is  less  satisfaclory  than  that 
in  which  the  mammary  gland  is  removed  in  a  preliminary  operation  and 
the  blood  and  urine  (•xamined  after  parturition — particularly  where  the 
operative  procedure  takes  ho  long  a  time  as  in  the  experiments  just 
reported. 
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A  more  direct  method  of  determining  the  precursor  of  lactose  in  the 
blood  has  been  devised  by  Kaufmann  and  Magne  (70).  These  authors 
took  samples  of  blood  from  the  jugular  vein  and  from  the  abdominal 
subcutaneous  vein  of  cows,  approximately  simultaneously.  The  ab- 
dominal subcutaneous  or  mammary  vein  carries  blood  coming  from  the 
udder  (102,  pp.  609,  721),  whereas  blood  from  the  jugular  vein  may  be 
regarded  as  equivalent  to  the  blood  of  the  mammary  artery,  as  far  as 
the  materials  involved  in  milk  secretion  are  concerned.  In  milking 
cows,  therefore,  it  is  to  be  expected  that  the  blood  from  the  mammary 
vein  should  contain  less  of  the  precursors  of  the  various  milk  constituents 
than  blood  from  the  jugular  vein.  Kaufmann  and  Magne  found  that 
in  milking  cows  the  mammary  blood  contained,  on  the  average,  about 
18  per  cent  less  sugar  than  the  jugular  blood:  in  different  experiments 
the  figures  varied  from  7  to  30  per  cent.  Kaufmann  and  Magne  con- 
trolled these  results  by  repeating  the  experiment  on  a  dry  cow,  and 
found  that  in  this  case  the  samples  of  blood  obtained  from  the  two 
different  sources  above  mentioned  contained  equal  amounts  of  sugar. 
The  results  of  this  investigation  give  strong  support  to  the  view  that 
the  dextrose  of  blood  is  the  precursor  of  milk  sugar. 

Foa  (34),  (35)  has  used  still  another  method  to  determine  the 
precursors  of  the  various  constituents  of  milk.  He  removed  the  mam- 
mary glands  of  sheep,  kept  them  in  a  vessel  full  of  Ringer's  solution  at 
body  temperature,  and  perfused  them  with  Ringer's  solution,  with 
various  mixtures  of  blood  and  Ringer's  solution,  and  with  Ringer's 
solution  to  which  various  substances  had  been  added.  He  determined 
the  quantity  of  dextrose  in  the  various  kinds  of  perfusion  mixtures 
both  before  and  after  they  had  been  caused  to  circulate  through  the 
gland,  and  determined  also  the  nature  of  the  fluid  secreted  by  the  gland 
when  various  perfusion  mixtures  were  caused  to  circulate  through  it. 
He  found  that  when  a  mixture  of  blood  and  Ringer's  solution  was 
caused  to  circulate  through  the  gland,  milk  containing  lactose  was 
secreted.  At  the  same  time  the  dextrose  content  of  the  perfusion 
mixture  was  shown  to  decrease.  The  concentration  of  lactose  in  the 
milk  secreted  could  be  increased  by  adding  dextrose  to  the  perfusion 
mixture.  When  Ringer's  solution  with  dextrose  added  was  used  as 
the  perfusion  mixture,  the  gland  secreted  a  watery  fluid  containing 
lactose.  No  lactose  was  obtained  in  the  fluid  secreted  by  the  gland 
when  Ringer's  solution  alone  was  used  as  the  perfusion  fluid,  or  with 
Ringer's  solution  with  galactose  added  to  it.  Foa's  results  taken  all 
together  furnish  strong  evidence  for  the  view  that  the  dextrose  of  the 
blood  is  the  precursor  of  lactose. 


214  EDWARD    B.    MEIGS 

Mj^  colleague,  Mr.  C.  A.  Gary,  has  thought  it  worth  while  to  repeat 
the  experiment  of  Kaufmann  and  Magne,  and  has  kindly  given  me 
permission  to  report  his  unpublished  results  here.  Their  article  on  the 
subject  is  exceedingh'  brief,  and  there  is  a  possibility  that  if  they  did 
not  take  their  samples  of  mammary  and  jugular  blood  strictly  simul- 
taneously, their  results  might  have  been  disturbed  by  the  tendency  of 
the  blood  sugar  to  vary  as  the  result  of  pain,  anxiety,  etc.  (13,  pp. 
66-80),  (100).  Mr.  Carj-  has  collected  samples  of  jugular  and  mammarj^ 
blood  from  milking  cows  strictly  simultaneouslj-.  A  cannula  is  first 
inserted  in  the  mammary  vein  and  left  stoppered  until  after  the  jugular 
cannula  has  been  inserted.  Blood  is  then  collected  from  the  two 
cannulae  at  the  same  time.  It  was  found  that  the  mammary  blood 
contained  about  24  per  cent  less  sugar  than  the  jugular  blood,  and  the 
mammary  plasma,  about  32  per  cent  less  than  the  jugular  plasma. 

There  is,  then,  a  large  mass  of  evidence  showing  that  lactose  is  derived 
from  the  blood  sugar,  and  there  is  no  contradictory  evidence.  The 
controversj'  between  Bert  and  Porcher,  on  the  one  hand,  and  Moore 
and  Parker,  Marshall  and  Kirkness,  and  Fok,  on  the  other,  may  be 
disregarded  as  far  as  this  question  is  concerned.  Moore  and  Parker, 
Marshall  and  Kirkness,  and  Fo^  claim  only  that  the  concentration  of 
blood  sugar  is  not  increased  after  the  removal  of  the  mammaiy  gland 
from  milking  animals;  and  there  is  no  necessary  contiection  between 
this  contention  and  the  question  whether  or  not  lactose  is  normally 
derived  from  blood  sugar. 

2.  The  precursor  of  milk  fat  in  the  blood.  Fok  used  his  method  of 
experimentation  to  throw  light  on  the  origin  of  milk  fat.  He  found  that 
when  Ringer's  solution  alone  was  perfused  through  the  excised  mam- 
mary gland,  a  watery  solution  was  excreted  which  contained  no  fat 
(35).  But  when  he  perfused  Ringer's  solution  in  which  olive  oil  or 
tri-olcin  had  Ijecn  emulsified,  the  gland  secreted  a  watery  solution 
containing  fat.  The  fat  s<M'reted  was  in  globules  which  had  the  micro- 
scopic apfM'arancc  of  globules  of  milk  fat,  and  it  had  a  lower  iodine 
number  than  the  fat  of  the  jx^i-fusion  fluid.  Fo^  concludes  that  milk 
fat  is  derivjfd  from  the  triglycerides  of  the  blood. 

The  author,  in  conjunction  with  others,  has  used  the  experimental 
method  of  Kaufmann  and  Magne  to  throw  light  on  the  question  of 
the  origin  of  milk  fat ;  but,  in  order  to  discuss  these  expcM'iments,  it  will 
be  neccHsary  to  consider  the  nature  of  the  phosphorus  compounds 
contained  in  l)loo<l.  It  is  now  well  established  that  the  great  majority 
of  all  the  phoHpiiorUH  contained  in  nonnal  blood  plasma  is  divided 
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between  two  classes  of  compounds — the  phosphatids  and  the  inorganic 
phosphates  (1),  (2),  (46),  (47),  (48),  (99).  Our  own  results  indicate 
that  there  is  no  phosphorus  of  any  kind  in  plasma  except  these  two 
(84).  Bloor  (11)  finds  that  a  third  kind  of  phosphorus  makes  up  about 
4  per  cent  of  the  total;  and  Feigl  (27),  (28),  (29),  (30),  (31)  finds  about 
6  per  cent. 

Our  experiments  above  referred  to  (84)  were  primarily  designed  to 
determine  whether  the  phosphorus  of  milk  was  derived  from  the 
phosphatid  or  from  the  inorganic  phosphate  of  the  blood  plasma. 
Samples  of  blood  were  collected  approximately  simultaneouely  from 
the  jugular  and  mammary  veins  of  milking  cows;  the  plasma  was  sepa- 
rated from  the  corpuscles  and  analyzed  for  phosphatid  and  for  inorganic 
phosphate.  When  the  experiments  were  carried  out  without  too  much 
disturbance  to  the  animals  used  as  subjects,  it  was  found  that  the  mam- 
mary plasma  contained  less  phosphatid  than  the  jugular  and  more 
inorganic  phosphate.  The  changes  in  the  two  kinds  of  phosphorus 
nearly  offset  each  other  so  that  the  jugular  and  mammary  plasma 
contained  nearly  equal  total  quantities  of  phosphorus.  When  the 
animals  were  much  disturbed  by  the  experimental  procedure,  the 
jugular  and  mammary  plasma  contained  equal  quantities  of  phosphatid, 
but  the  mammary  plasma  contained  more  inorganic  phosphate,  and, 
therefore,  more  total  phosphorus  than  the  jugular.  These  results  have 
been  interpreted  to  mean  that  milk  phosphorus  and  milk  fat  are  derived 
from  the  phosphatid  of  the  blood  plasma.  The  phosphatid  of  the 
plasma  probably  contains  about  one  part  by  weight  of  phosphorus  to 
20  parts  by  weight  of  fatty  acids,  while  milk  contains  about  one  part 
by  weight  of  phosphorus  to  50  parts  of  fat.  If,  therefore,  the  mammary 
gland  takes  from  the  plasma  enough  phosphatid  to  supply  a  given 
quantity  of  milk  with  fat,  it  gets  with  it  more  than  twice  as  much 
phosphorus  as  is  required  for  the  same  quantity  of  milk.  The  surplus 
phosphorus  must  be  returned  to  the  blood,  and  this  is  taken  to  be  the 
explanation  of  the  fact  that  the  mammary  plasma  regularly  contains 
more  inorganic  phosphate  than  the  jugular.  Disturbance  of  the  cow 
tends  to  stop  the  taking  up  of  phosphatid  by  the  mammary  gland,  but 
not  the  backfiow  of  inorganic  phosphate  from  the  gland  to  the  blood. 
For  this  reason,  the  cows  which  have  been  much  disturbed  before  and 
during  the  collection  of  the  blood  samples  show  an  increased  quantity 
of  inorganic  phosphate  in  the  mammary  plasma  and  no  change  in  the 
phosphatid  content.  The  experimental  results  described  above  will 
be  further  considered  later,  and  their  relation  to  the  results  of  Foa 
on  fat  secretion  and  to  certain  results  of  Bloor  will  be  discussed. 
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S.  The  precursor  of  milk  protein  in  the  hlood.  Foa  (35)  tried  some 
experiments  on  the  excised  manmiary  gland  of  the  sheep  to  throw  light 
on  the  derivation  of  milk  protein,  but  his  results  were  negative.  He 
perfused  the  gland  with  Ringer's  solution  to  which  various  forms  of 
protein  had  been  added,  but  never  found  any  protein  in  the  fluid  secreted 
under  such  circimistances.  He  concludes  that  milk  protein  is  derived 
from  some  still  unknown  material  in  the  blood. 

The  recent  epoch-making  work  on  protein  metabolism  of  Delaunay 
(20),  (21),  (22),  Fohn  (36),  (37),  (38),  (39),  (40),  (41),  Van  Slyke 
(103),  (104)  and  their  followers  suggests  that  milk  protein  may  be 
derived  from  the  free  amino-acids  of  the  blood.  Gary  has  recently 
employed  the  experimental  method  of  Kaufmann  and  Magne  to  deter- 
mine this  point  (14).  He  collected  samples  of  jugular  and  mammary 
blood  approximately  simultaneously  from  both  milking  and  dry  cows. 
The  amino-acid  nitrogen  of  the  mammary  blood  was  markedly  lower 
than  that  of  the  jugular  blood  in  the  milking  cows,  whereas  the  two 
kinds  of  blood  contained  the  same  concentration  of  amino-acid  nitrogen 
in  the  dry  cows.  The  results  form  very  complete  and  satisfactory 
evidence  for  the  view  that  the  milk  proteins  are  derived  from  the  free 
amino-acids  of  the  blood. 

4-  General  discussion  of  the  precursors  in  the  blood  of  the  various  con- 
stituents of  milk.  Evidence  has  been  adduced  to  show  that  lactose  is 
derived  from  the  dextrose  of  the  blood,  that  milk  fat  is  derived  from 
phosphatid,  and  that  milk  protein  is  derived  from  free  amino-acids. 
It  seems  worth  while  to  point  out,  in  the  first  place,  that  each  of  the 
three  propositions  stated  above  gains  strength  from  the  other  two, 
when  the  experimental  results  on  which  all  three  are  based  are  com- 
pared quantitatively  and  in  detail;  and,  in  the  second  place,  that  the 
three  propositions  may  be  taken  together  as  indicating  a  sort  of  hypoth- 
esis of  secretion  which  is  a  priori  probable,  and  which  suggests  an 
explanation  of  certain  aspects  of  the  subject  sometimes  regarded  in 
the  past  as  rather  mysterious. 

Cow's  milk  is  a  fluid  with  a  fairly  constant  composition.  Typical 
milk  may  Ijc  considered  to  contain  3  per  cent  protein,  4  per  cent  fat  and 
6  per  cent  lactose.  If  it  may  be  assumed  that  in  cows  giving  the 
tame  quantities  of  milk  the  rate  of  blood  flow  through  the  manunary 
(^and  ia  approximately  the  same,  then  the  amounts  by  which  the  pre- 
cunora  of  the  throe  above-named  constiUionIs  of  milk  are  reduced  in 
the  mammary  blood  ought  to  bear  a  more;  or  less  fix(Ml  relation  to  each 
other  in  the  case  of  cows  giving  approximately  the  same  quantitites  of 
milk. 
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In  the  experiments  of  Kaufmann  and  Magne,  in  those  of  Meigs, 
Blatherwick  and  Gary,  and  in  those  of  Gary,  the  cows  were  usually 
giving  about  10  liters  of  milk  daily.  Kaufmann  and  Magne  found  the 
sugar  in  the  mammary  blood  of  their  milking  cows  about  15  mgm.  per 
100  cc.  lower  than  that  in  the  jugular  blood.  In  the  unpublished  experi- 
ments of  Gary  above  referred  to,  the  sugar  was  determined  in  mammary 
and  jugular  plasma  as  well  as  in  mammary  and  jugular  blood;  and  it 
was  found  that  the  sugar  taken  from  the  blood  by  the  mammary  gland 
came  entirely  from  the  plasma,  the  sugar  content  of  the  corpuscles 
remaining  unchanged  during  their  passage  through  the  mammary 
gland.  The  reduction  of  15  mgm.  per  100  cc.  blood  found  by  Kaufmann 
and  Magne  would  be  equivalent,  therefore,  to  a  reduction  of  22  mgm. 
per  100  cc.  plasma.  Gary  found  a  reduction  of  20  mgm.  per  100  cc.  in 
the  mammary  plasma. 

In  the  two  successful  experiments  on  the  phosphatid  content  of  the 
jugular  and  mammary  plasma  by  Meigs,  Blatherwick  and  Gary,  the 
phosphatid  phosphorus  was  found  to  be  lower  by  0.74  and  0.60  mgm. 
per  100  cc.  respectively  in  the  mammary  plasma.  This  would  rep- 
resent reductions  amounting  to  14.8  and  12  mgm.  of  phosphatid  in 
the  mammary  plasma. 

In  Gary's  experiments  on  the  amino-acid  nitrogen  of  jugular  and 
mammary  plasma  in  milking  cows,  the  amino-nitrogen  was  found  re- 
duced by  from  0.39  to  0.97  mgm.  per  100  cc.  in  the  mammary  plasma, 
the  average  reduction  being  0.69  mgm.  As  the  alpha  amino-nitrogen 
of  the  milk  proteins  constitutes  about  70  per  cent  of  their  total  nitrogen, 
this  would  represent  a  reduction  of  about  1  mgm.  total  milk-protein 
nitrogen  per  100  cc.  plasma,  which  would  be  equivalent  to  about 
6  mgm.  of  protein. 

On  the  supposition  that  the  milk  of  the  cows  used  in  these  experi- 
ments contained  5  per  cent  lactose,  4  per  cent  fat  and  3  per  cent  protein, 
the  precursors  of  these  three  constituents  should  have  been  taken  out 
of  the  plasma  passing  through  the  mammary  gland  in  the  following 
proportions.  For  every  20  mgm.  of  sugar  taken  from  the  plasma  there 
should  have  been  taken  phosphorus  equivalent  to  16  mgm.  of  fat  and 
amino-nitrogen  equivalent  to  12  mgm.  protein.  The  figures  actually 
found  and  given  above  are  15  to  20  mgm.  sugar,  phosphorus  equivalent 
to  from  12  to  15  mgm.  fat,  and  nitrogen  equivalent  to  from  3  to  9  mgm. 
protein.  The  figures  for  sugar  and  fat  secretion  bear  very  nearly  the 
expected  relation  to  one  another,  while  the  figures  representing  the 
secretion  of  milk  protein  are  somewhat  lower  than  would  be  expected. 
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But  when  it  is  considered  that  the  concentrations  of  sugar,  phosphatid 
and  free  amino-acids  in  blood  plasma  are  all  quite  low,  and  that  small 
errors  in  estimating  the  actual  amounts  of  these  materials  present  in  a 
given  sample  would  be  represented  as  much  larger  errors  in  comparing 
the  differences  between  jugular  and  mammary  plasma,  it  seems  remark- 
able that  the  results  actually  found  should  be  as  close  as  they  are  to 
those  that  would  be  expected.  Taken  together,  they  furnish  strong 
evidence  for  the  view  that  the  lactose,  fat  and  protein  of  the  milk  are 
respectively  derived  entirely  from  the  dextrose,  phosphatid  and  free 
amino-acids  of  the  blood. 

The  three  sets  of  observations  above  discussed  suggest  a  working 
hypothesis  of  secretion  which  is  a  priori  probable.  The  mammary 
gland  is  called  upon  to  secrete  large  quantities  of  protein,  fat  and 
carbohydrate  at  a  rapid  rate.  It  is  hardly  probable,  therefore,  that  it 
manufactures  its  products  from  widely  different  chemical  compounds 
brought  to  it  by  the  blood.  But  it  has  been  clear  for  some  time  that 
casein  and  lactose,  and  probably  milk  fat  also,  are  specific  products 
of  the  mammarj'  gland.  The  two  former  are  certainly  not  present  in 
the  blood  under  ordinary-  circumstances.  Even  if  the  constituents  of 
milk  could  be  demonstrated  in  the  blood  it  would  be  difficult  to  see  how 
the  mammary  gland  could  abstract  them  for  the  purpose  of  making 
milk.  Casein  and  fat  are  highly  indiffusible  substances,  and  milk 
contains  sugar  and  fat  in  much  higher  concentration  than  does  blood. 
It  is  very  difficult  to  conceive  a  mechanism  by  which  such  materials 
could  be  made  to  diffuse  rapidly  from  a  region  of  lower  concentration 
to  one  of  higher  concentration.  But  the  observations  given  offer  some 
escape  from  all  these  difficulties.  To  suppose  that  the  mammary 
gland  converts  dextrose  into  lactose,  phosphatid  into  fat,  and  free 
amino-acids  into  casein,  leaves  undoubtedly  many  chemical  probh^ns 
still  to  be  solved.  But  it  is  conceivable  that  such  changes  could  take 
place  at  a  rapid  rate  and  without  any  great  expenditure  of  energy. 
Further,  dextrose,  phosphatid  and  free  amino-acids  are  more  diffusible 
substances  than  lactose,  triglycerides  and  proteins;  to  suppose  that  the 
constituentH  of  milk  pass  the  borders  of  the  manunary  cells  in  the  form 
of  the  three  foruKM*  substances,  and  are  converted,  immediately  on 
ent<;rinK  the  c<'11k,  into  the  less  diffusible  latter  three  compounds,  fur- 
nishes u  rough  explanation  of  the  mechanism  of  secretion,  which  does 
not  contHMJict  any  of  th(»  laws  of  energetics. 

The  dextroHT,  the  phoHphatid  and  the  free  amino-acids  of  the  blood 
idasma  are  Hpoken  of  in  this  article  as  the  "  pr(>cursors  of  the  milk  con- 
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stituents."  But  this  is  really  a  one-sided  view  of  them,  with  no  further 
basis  than  that  milk  secretion  is  the  subject  of  the  article.  There  is 
little  doubt  that  the  three  materials  above-mentioned  are  really  the 
general  currency  of  metabolism — the  chemical  forms  in  which  proteins, 
fat,  and  carbohydrate  are  distributed  by  the  blood  to  all  the  organs  and 
tissues  of  the  body. 

5.  The  relation  between  blood  flow  through  the  mammary  gland  and 
milk  secretion.  Gary  (14)  found  no  relation  between  the  rapidity  of 
milk  secretion  and  the  degree  of  difference  in  amino-acid  nitrogen  con- 
centration as  between  the  jugular  and  mammary  blood  plasma.  Most 
of  his  experiments  were  carried  out  on  cows  giving  about  10  liters  of 
milk  daily;  and  while  there  was  considerable  variation  in  the  degree  of 
difference  between  jugular  and  mammary  plasma  in  these  experiments, 
there  was  no  tendency  for  the  differences  to  be  greatest  in  the  cows  which 
were  giving  the  most  milk.  One  experiment  was  carried  out  on  a  cow 
which  was  giving  more  than  twice  as  much  milk  as  any  of  the  others, 
and  in  this  case  the  difference  in  the  amino-nitrogen  content  of  the 
jugular  and  mammary  plasma  was  practically  the  same  as  the  average 
for  the  other  experiments. 

This  aspect  of  his  results  suggests  that  the  milk  yield  is  in  general 
nearly  proportional  to  the  rate  of  blood  flow  through  the  udder.  The 
proposition  is  probable  from  general  considerations  and  is  supported 
by  a  good  deal  of  independent  evidence.  That  given  by  Roehrig  (98) 
is  impressive;  and  it  is  well  known  to  dairymen  and  now  statistically 
demonstrated  that  there  is  a  fairly  close  correlation  between  the  size 
of  the  milk  veins  and  productiveness  in  cattle  (45). 

6.  The  effects  of  pain,  anxiety,  etc.,  on  milk  yield.  The  experiments  of 
Meigs,  Blatherwick  and  Gary  on  fat  secretion  indicate  that  this  process 
is  stopped  by  an  even  sHght  disturbance  of  the  cow's  comfort.  Gary's 
experiments  on  protein  secretion,  on  the  other  hand,  do  not  show  any 
such  relation  with  regard  to  this  latter  process.  With  regard  to  sugar 
secretion,  evidence  on  the  point  at  issue  is  difficult  to  obtain,  because 
pain  and  anxiety  have  a  tendency  to  change  the  sugar  concentration 
in  the  whole  body  of  blood  (13,  pp.  66-80)  (100).  But,  as  far  as  they  go, 
the  experiments  on  record  point  to  the  view  that  the  secretion  of  milk 
sugar  is  not  noticeably  interfered  with  by  pain  and  anxiety. 

There  is  some  independent  evidence  indicating  that  fat  secretion  is 
more  interfered  with  by  pain  and  anxiety  than  the  secretion  of  the  other 
constituents  of  milk.  It  is  commonly  thought  by  dairymen  that  the 
percentage  of  fat  in  milk  is  likely  to  be  reduced  when  cows  are  chased 
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about  hy  dogs  or  otherwise  disturbed,  and  when  they  are  in  heat.  I 
have  observed  this  tendency  occasionally,  though  I  have  not  carried 
oftt  any  special  research  on  the  subject. 

7.  The  opposition  between  Pod's  conclusions  and  those  of  Meigs, 
Blatherwick  and  Cary.  The  results  of  Meigs,  Blatherwick  and  Gary 
indicate  that  milk  fat  is  derived  entirely  from  the  phosphatid  of  the 
blood  plasma.  The  disappearance  of  phosphatid  from  the  plasma  which 
occurs  dimng  its  passage  through  the  mammary  gland  is  sufficient  to 
account  for  all  the  milk  fat  secreted.  Further,  the  very  considerable 
backflow  of  inorganic  phosphate  from  the  gland  to  the  blood  would  be 
difficult  to  account  for  if  it  were  supposed  that  any  considerable  part  of 
the  milk  fat  were  derived  from  non-phosphorized  fat  in  the  blood. 

The  work  of  Foa,  on  the  other  hand,  indicates  that  milk  fat  may  be 
derived  from  triglycerides  in  the  blood.  Foa  found  that  a  fluid  con- 
taining fat  was  secreted  by  the  excised  mammary  gland  when  it  was 
perfused  with  Ringer's  solution  to  which  olive  oil  or  triolein  had  been 
added.  That  the  olive  oil  and  triolein  had  not  simply  filtered  through 
the  gland  cells  into  the  ducts  is  indicated  by  the  facts  that  the  fat  in 
the  fluid  obtained  from  the  duct  was  in  the  form  of  globules  with  the 
microscopic  appearance  of  those  normally  seen  in  milk,  and  that  it  had 
a  lower  iodine  number  than  the  fats  mixed  with  the  perfusion  fluid. 
That  the  fat  in  the  fluid  issuing  from  the  duct  was  not  simply  fat  which 
had  been  present  in  the  gland  cells  before  the  beginning  of  the  experi- 
ment and  had  been  washed  out  into  the  ducts  by  the  perfusion  fluid  is 
shown  by  the  fact  that  when  Ringer's  solution  without  fat  was  per- 
fused through  the  vessels,  there  issued  from  the  duct  a  fluid  which 
contained  no  fat. 

The  chief  objection  to  Fok's  experiments  is  that,  as  he  himself  ad- 
mits, the  gland  became  edematous  quite  early  in  the  procedure,  and 
that  the  collection  of  the  fluid  issuing  from  the  duct,  which  was  after- 
wards analyzed,  was  continued  after  the  edema  had  l)e(>n  noted.  It 
seems  quite  likely  that  the  edematous  gland  cells  would  give  passage 
to  substances  which  would  not  pass  through  the  normal  mammary 
cells.  It  is  true  that  the  fat  in  the  fluid  issuing  from  the  ckict  in  ]*'oi\'s 
experiments  had  a  dilTcrent  iodine  number  from  that  in  the  perfusion 
fluifl;  but  it  is  not  unlikely  that  the  bodies  of  the  mammary  colls  might 
retain  some  portion  of  their  capacity  to  alter  the  character  of  fats,  oven 
after  the  cell  surfacoH  had  become  permeable  to  materials  which  would 
not  ordinarily  go  through  them. 
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III.  The  CONTROL  of  milk  secretion  through  THE  CONCENTRA- 
TIONS   OF    AMINO    ACIDS,    DEXTROSE    AND    PHOSPHATID    IN    THE    BLOOD. 

The  investigations  reviewed  in  section  I  show  that  changes  in  diet 
often  produce  marked  changes  in  milk  secretion,  and  they  bring  up  the 
question  how  milk  secretion  is  controlled  through  the  diet.  There  can 
be  little  doubt  that  diet  exercised  its  influence  by  producing  changes 
in  the  composition  of  the  blood.     What  is  the  nature  of  these  changes? 

The  hypothesis  that  occurs  first  to  most  minds  is  that  a  shortage,  of 
any  particular  dietary  constituent  will  bring  about  a  reduction  in  the 
concentration  of  the  corresponding  milk  precursor  in  the  blood.  It 
is  natural  to  suppose  that  the  result  of  this  change  will  be  a  reduction 
in  the  concentration  of  the  corresponding  constituent  of  the  milk,  and 
perhaps  also  a  reduction  in  the  total  amount  of  milk  secreted. 

The  experiments  in  which  the  composition  and  yield  of  milk  have 
been  followed  while  changes  were  made  in  the  diet  furnish  evidence  for 
thinking  that  the  above  outlined  hypothesis  is  correct  in  the  case  of  fat. 
Reduction  in  the  dietary  fat  below  a  certain  level  produces  a  marked 
decrease  in  the  concentration  of  milk  fat  and,  at  the  same  time,  a  con- 
siderable reduction  in  the  total  quantity  of  milk  secreted  (89),  (90), 
(91),  (92).  But  in  no  other  case  is  the  evidence  so  clear.  Changes  in 
the  quantity  of  dietary  protein  produce  changes  in  the  quantity  of  milk 
secreted  through  a  wide  range  in  the  level  of  protein  feeding  (90),  (91), 
(92),  but  the  accompanying  changes  in  the  concentration  of  milk 
protein  are  irregular.  The  lactose  content  of  milk  is  not  noticeably 
influenced  by  any  of  the  dietary  changes  so  far  studied.  And  the  con- 
centrations of  calcium  and  phosphorus  in  milk  may  be  actually  in- 
creased by  feeding  a  ration  short  in  these  elements  (33). 

Further  light  on  the  question  of  the  control  of  milk  secretion  through 
the  diet  must  be  sought  in  a  study  of  the  manner  in  which  the  con- 
centrations of  the  several  milk  precursors  in  the  blood  are  affected  by 
various  circumstances.  The  most  satisfactory  way  of  studying  the 
question  is  to  follow  simultaneously  the  concentrations  of  the  milk 
precursors  in  the  blood  and  the  composition  and  yield  of  milk  while 
appropriate  changes  are  made  in  the  diet.  But  few  such  experiments 
have  been  carried  out  up  to  the  present  time;  and,  while  waiting  for 
their  number  to  be  increased,  it  is  pertinent  to  consider  the  considerable 
quantity  of  work  already  at  hand  which  bears  on  the  general  question 
of  the  factors  which  influence  the  concentration  of  amino-nitrogen, 
glucose,  phosphatid  and  calcium  in  the  blood. 
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Blood  is  a  complicated  mixture  containing  many  unstable  chemical 
compounds.  It  is  not  surprising,  therefore,  that  the  literature  contains 
contradictory  figures  for  the  concentration  of  practically  every  blood 
constituent  which  has  been  studied.  In  estimating  the  value  of  these 
results,  the  following  considerations  must  be  kept  in  mind. 

If  the  concentration  of  a  given  constituent  of  the  blood  is  really 
constant,  it  is  easy  to  see  how  inadequate  chemical  methods  for  its 
determination  might  make  it  appear  variable.  But  if  the  concentra- 
tion of  a  given  constituent  is  really  variable,  it  is  extremely  difficult  to 
see  how  inadequate  chemical  methods  could  make  it  appear  constant. 
Other  things  being  equal,  therefore,  the  work  of  those  investigators  who 
obtain  constant  series  of  results  is  to  be  accepted  in  preference  to  that 
of  those  who  obtain  more  variable  series. 

In  cases  where  several  independent  investigators  have  obtained 
constant  series  of  results  all  agreeing  closely  with  one  another,  the  case 
becomes  stronger;  and  it  is  justifiable  to  summarily  dismiss  non-concor- 
dant results  obtained  by  other  investigators,  unless  these  latter  can 
show  why  their  methods  should  be  preferred  to  those  of  their  opponents. 

This  course  will  be  adopted  in  the  following  discussion.  In  such  a 
review  as  this  it  is  impossible  to  give  either  a  critical  discussion  of  the 
very  complex  methods  of  blood  analysis  or  a  detailed  account  of  the 
great  mass  of  wild  results  which  have  been  obtained  in  the  field.  Only 
those  figures  will  be  considered,  therefore,  which,  in  the  light  of  our 
present  knowledge,  appear  to  be  fairly  reasonable. 

1.  Relation  between  milk  secretion  and  the  free  amino-acida  of  the 
blood.  An  admirable  review  of  the  modern  work  on  protein  metabolism 
has  recently  been  published  by  Van  Slykc  (105).  The  exporimontal 
results  show  that  the  food  protein  is  converted  in  the  intestinal  tract 
to  free  amino-acids,  in  which  form  it  enters  the  blood.  The  blood  from 
the  intestinal  tract  passes  first  to  the  liver,  and  in  that  organ  a  consider- 
able proportion  of  the  amino-acids  resulting  from  protein  dig(^stion  is 
deaminized.  The  remainder  goes  on  into  the  general  circulation, 
Bcrving,  for  some  time,  to  increa.se  the  concentration  of  amino-nitrogen 
in  the  systemic  blood,  but  being  gradually  absorbed  by  the  tissues  and 
cither  built  into  new  protein  or  deaminized  and  oxidized. 

Still  more  recently  Cathcart  has  pul)Iisho(i  a  new  edition  of  his  mono- 
graph on  the  physiology  of  protein  nicl.'iboliHm  (1(>),  which  contains 
an  cxtensivo  bibliograph> . 

In  HC'ction  I  work  was  nvirwcd  whicli  imiicatos  that  milk  yield  is 
highly  dp|x>n<l('nt  on  the  protein  supplied  in  tjic  food;  section  11  contains 
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work  which  shows  that  milk  protein  is  derived  from  the  free  amino-acids 
of  the  blood.  It  seems  natural,  in  view  of  these  facts,  to  suppose  that 
milk  yield  is  largely  regulated  by  changes  in  the  amino-acid  mixture 
circulating  in  the  blood. 

An  obvious  method  of  investigating  this  problem  is  to  follow  the 
milk  yield  and  the  amino-nitrogen  content  of  the  blood,  while  changes 
are  made  in  the  diet.  But  such  experiments  cannot  be  intelligently 
planned  without  taking  into  consideration  the  various  aspects  of 
metabolism  which  are  likely  to  influence  the  results. 

The  blood  carrying  the  products  of  digestion  from  the  intestinal  tract 
passes  first  to  the  liver,  and  the  results  of  Van  Slyke  (105)  indicate  that 
that  organ  immediately  begins  to  deaminize  some  of  the  amino-acids 
which  it  receives.  But  we  know  very  little  in  regard  to  the  details  of 
this  hepatic  activity.  As  the  amino-nitrogen  content  of  the  blood  is 
so  small,  and  as  so  large  a  proportion  of  it  is  removed  by  the  mammary 
gland  in  milking  animals  (14),  it  is  natural  to  suppose  that  the  liver's 
deaminizing  activity  is  more  or  less  selective — that  it  improves  the 
quality  of  the  amino-acid  mixture  in  the  general  circulation  by  de- 
aminizing chiefly  those  compounds  which  are  present  in  the  food  in 
larger  proportion  than  is  required  for  milk  secretion,  tissue  growth  or 
other  metabolic  activities.  But  this  point  of  view  is  by  no  means 
strictly  proven;  and,  even -if  it  were,  it  would  still  be  possible  that  a 
marked  change  in  the  quality  of  the  protein  supplied  in  the  food  might 
produce  a  less  marked  but  still  important  change  in  the  quality  of  the 
amino-acid  mixture  circulating  in  the  blood. 

The  quality  of  the  amino-acid  mixture  in  the  blood  might  be  in- 
fluenced in  another  way,  which  is  particularly  likely  to  occur  in  milking 
animals;  namely,  by  a  change  from  a  positive  to  a  negative  nitrogen 
balance.  In  the  case  of  an  animal  in  positive  nitrogen  balance,  the 
amino-acids  which  enter  the  general  circulation  pass  first  through  the 
liver.  But  if  the  nitrogen  balance  becomes  negative,  amino-acids  are 
thrown  directly  into  the  general  circulation  by  the  tissues,  and  may  not 
reach  the  liver  until  after  the  particular  portion  of  blood  in  which  they 
are  contained  has  circulated  a  number  of  times.  It  is  quite  possible 
that  such  circumstances  might  produce  considerable  changes  in  the 
quality  of  the  amino-acid  mixture  circulating  in  the  blood. 

Finally,  the  deaminizing  activity  of  the  hver  is  probably  influenced 
by  the  supply  and  demand  of  nutritive  materials  other  than  protein. 
In  the  case  of  a  milking  animal  there  is  a  large  and  steady  demand  for 
carbohydrate  to  be  excreted  with  the  milk.     The  supply  of  carbohydrate 
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stored  by  mammals  is  normally  rather  small,  and  a  shortage  of  this 
material  in  the  food  would,  therefore,  soon  require  the  conversion  of 
other  compounds  into  carbohj^drate  to  meet  the  demands  of  milk 
secretion.  It  has  been  repeatedly  shown  that  carbohydrate  is  readily 
derived  from  protein  in  the  animal  economy  (76,  pp.  223-247),  and  it 
is  very  likely,  therefore,  that  a  shortage  of  carbohydrate  in  the  food  of 
a  milking  animal  would  soon  stimulate  the  liver  to  increase  its  normal 
rate  of  deaminizing  the  products  of  protein  digestion. 

The  three  preceding  paragraphs  may  be  siunmed  up  by  saying  that 
general  considerations  make  it  hkely  that  the  quality  as  well  as  the 
quantity  of  the  amino-acid  mixture  circulating  in  the  blood  is  subject 
to  change,  and  that  both  quahty  and  quantity  of  the  circulating  amino- 
acid  mixture  are  likely  to  be  influenced  by  the  supply  of  non-protein 
dietary  constituents.  There  is  already  at  hand  a  certain  amount  of 
experimental  evidence  which  bears  on  these  questions. 

Delaunay  (22),  Van  Slyke  and  Meyer  (103),  (104),  Costantino  (18), 
and  Gyorgy  and  Zunz  (49)  have  shown  that,  during  the  digestion  of  a 
protein  meal,  the  concentration  of  the  amino-acid  nitrogen  in  the  blood 
is  usually  decidedly  higher  than  when  the  intestinal  tract  is  empty 
after  1  or  2  days'  starvation.  The  earlier  work  of  Folin  and  Denis 
(36),  (37),  (38),  (39),  (40),  (41)  shows  the  same  thing,  though  these 
authors  did  not  make  any  direct  determinations  of  amino  nitrogen. 

Bang  (4)  has  published  results  which  lead  him  to  conclude  that  the 
amino  nitrogen  of  the  blood  is  not,  as  a  rule,  increased  by  feeding 
protein.  But  the  figures  which  he  gives  as  representing  amino  nitrogen 
are  really  obtained  by  subtracting  the  urea  nitrogen  from  the  total 
non-protein  nitrogen  of  the  blood  (4,  p.  105),  and,  on  account  of  this 
and  of  their  general  irregularity,  they  should  hardly  be  taken  as  con- 
tradicting the  mass  of  opposing  evidence  based  on  more  direct  methods. 

Van  Slyke  and  Meyer  (104)  have  published  figures  for  the  amino 
nitrogen  of  the  blood  during  several  days'  starvation.  The  results  are 
rather  irregular,  but  indicate,  on  the  whole,  that  there  is  no  marked 
decrease  in  the  amino  nitrogen  of  the  blood  during  starvation  continued 
for  more  than  one  or  two  days. 

The  work  of  Folin  and  Denis  (36),  (39)  gives  strong  reason  for  be- 
lieving that  the  quality  of  the  amino-acid  mixture  contained  in  the 
bloo<l  of  the  general  circulation  is  subject  to  alteration.  These  authors 
intro<Juccd  various  single  aniino-acids  into  the  intestinal  tract,  and 
found  that  there  was  soon  afterward  a  marked  rise  in  the  nitrogen 
fraction  obtained  by  sul^tracting  tlie  urea  nitrogen  from  the  total 
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non-protein  nitrogen  of  the  blood.  It  would  be  difficult  to  explain  this 
result  without  supposing  that  the  blood  obtained  during  the  absorption 
of  the  single  amino  acid  contained  much  more  of  this  latter  body  than 
was  normal. 

Three  rather  elaborate  experiments  have  been  carried  out  by  Gary 
to  throw  light  on  the  changes  produced  in  the  concentration  and  quality 
of  the  amino  acid  mixture  of  the  blood  by  various  kinds  of  changes  in 
the  diet  of  milking  cows,  and  also  on  the  manner  in  which  milk  yield 
is  affected  by  changes  in  the  amino  acids  of  the  blood.  Abstracts  of 
this  work  have  already  been  published  (15),  and  Mr.  Gary  has  kindly 
given  me  permission  to  discuss  the  work  further  in  this  article. 

All  three  experiments  were  begun  with  cows  which  were  giving  liberal 
quantities  of  milk,  and  which  were  on  rations  sufficient  to  provide  for 
their  maintenance  and  milk  yield  according  to  the  figures  given  in  the 
standard  textbooks.  Under  these  conditions,  the  composition  and 
quantity  of  the  milk  and  the  concentration  of  amino-acid  nitrogen  in 
the  blood  and  plasma  were  determined.  The  animals  were  then  changed 
to  rations  which  were  inadequate  in  various  respects,  kept  on  these 
for  varying  periods,  and  finally  changed  back  to  the  original  adequate 
rations.  Through  all  these  changes,  the  composition  and  quantity  of 
the  milk  and  the  concentration  of  amino-acid  nitrogen  in  the  blood  and 
plasma  were  determined. 

In  the  first  experiment,  the  inadequate  ration  used  contained  only 
about  half  the  required  quantities  of  protein  and  total  nutrients. 
In  the  second  experiment,  it  contained  half  the  required  quantity  of 
protein,  but  carbohydrate  was  substituted  for  the  protein  removed, 
so  that  it  still  contained  the  full  requirement  in  total  nutrients.  In 
the  third  experiment,  the  inadequate  ration  contained  the  full  require- 
ment in  protein,  but  only  about  half  the  original  quantity  of  total 
nutrients.  The  change  was  accomplished  chiefly  by  removing  carbo- 
hydrate from  the  ration. 

It  will  be  possible,  here,  to  give  the  results  only  in  a  very  general  way; 
those  of  the  third  experiment  will  be  considered  first.  In  this  case, 
the  reduction  in  the  carbohydrate  of  the  ration  caused  a  reduction  in 
milk  yield,  reductions  in  the  amino-nitrogen  content  of  the  blood  and 
plasma,  and  a  reduction  in  the  nitrogen  content  of  the  milk.  The  fat 
and  sugar  content  of  the  milk  remained  practically  unchanged.  The 
results  indicate  that  a  shortage  of  carbohydrate  in  the  food  affects  the 
milk  yield  through  changes  brought  about  in  the  amino-acid  mixture 
of  the  blood. 
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It  is  not  really  surprising  that  this  should  be  the  case.  A  milking 
cow  must  have  a  large  supply  of  carbohydrate  daily  to  put  into  her 
milk.  This  material  must  come  either  from  the  carbohydrate  of  the 
food,  from  carbohydrate  stored  in  the  body,  or  from  the  conversion  of 
some  other  material  into  carbohydrate.  The  available  carbohydrate 
store  is  alwaj-s  small,  probably  not  enough  to  supply  a  moderate  milk 
jdeld  for  more  than  a  few  hours.  When,  therefore,  the  carbohydrate 
in  the  food  of  a  milking  cow  is  severely  cut,  the  animal  must  soon  begin 
to  manufacture  the  missing  material  from  something  else.  It  seems 
quite  reasonable  to  suppose  that  under  such  circumstances  the  liver 
would  be  stimulated  to  deaminize  more  rapidly  the  amino  acids  carried 
to  it  in  the  portal  blood,  and  thereby  to  supply  the  missing  carbohydrate 
and  to  reduce  the  concentration  of  amino  nitrogen  in  the  general 
circulation. 

In  view  of  the  results  of  the  experiment  just  described,  it  is  not 
surprising  to  find  that  in  the  fii'st  experiment  where  the  protein  and 
total  nutrients  of  the  ration  were  reduced  together,  there  was  a  very 
marked  reduction  in  the  amino-acid  nitrogen  of  the  blood,  in  the  milk 
yield,  and  in  the  concentration  of  milk  nitrogen.  The  milk  sugar  con- 
tent was  not  determined  in  this  experiment;  the  concentration  of  milk 
fat  showed  a  general  tendency  to  rise  a  little. 

In  the  second  experiment  the  quantitj''  of  protein  in  the  ration  was 
reduced,  while  the  quantity  of  total  nutrients  remained  unchanged. 
But,  in  this  case,  50  per  cent  of  the  protein  in  the  original  adequate 
ration  consisted  of  casein  and  lactalbumin,  and  50  per  cent  consisted 
of  vegetable  protein.  The  reduction  was  made  by  leaving  out  all  the 
casein  and  lactalbumin;  and,  as  a  consequence  of  this,  the  protein  in 
the  inatlequate  ration  was  not  only  reduced  in  quantity  but  also  de- 
cidedly inferior  in  quality,  as  far  as  its  relation  to  milk  secretion  was 
concerned.  The  result  of  the  change  in  diet  was  that  the  quantity  and 
nitrogen  content  of  the  milk  were  reduced,  while  the  concentration  of 
amino-acid  nitrogen  in  the  blood  remained  unchanged.  In  this  experi- 
ment again,  the  sugar  content  of  the  milk  remained  unchanged  on  the 
inadequate  diet.    The  fat  content  was  dt^cidedly  decreased. 

It  is  probable  that  the  changes  in  quaUty  of  the  food  protein  made 
by  the  change  in  diet  brought  about  a  corresponding  change  in  the 
quality  of  the  amino-acid  mixture  of  the  blood,  and  that  this  change 
pro<iuccd  the  lowered  milk  yield  and  the  lowered  concentration  of  milk 
nitrogen,  in  spite  of  the  fact  that  the  concentration  of  total  amino-acid 
nitrogen  in  the  blood  remained  uncliang(;d. 


MILK  SECRETION  AS  RELATED  TO  DIET  227 

In  a  more  recent  experiment,  the  protein  in  the  diet  was  reduced 
without  changing  its  quality.  In  this  case  the  same  effects  were  ob- 
tained on  milk  yield  as  in  the  preceding  experiment,  and  the  concen- 
tration of  amino-acid  nitrogen  in  the  blood  was  decidedh^  reduced. 

When  the  animals  in  the  experiments  described  above  were  changed 
back  to  the  adequate  rations,  the  changes  in  the  milk  yield  and  in  the 
concentration  of  amino-acid  nitrogen  in  the  blood  were  not  the  exact 
reciprocals  of  those  which  were  obtained  by  the  change  from  the  ade- 
quate to  the  inadequate  rations.  The  reason  for  this  is  probably  that 
the  inadequate  rations  induced  negative  nitrogen  balances,  and  that 
the  animals  were,  therefore,  in  quite  different  nutritive  condition  at 
the  beginning  and  end  of  each  period  on  inadequate  rations.  It  is 
unfortunately  impossible  to  give  any  discussion  of  this  aspect  of  the 
experiments  here. 

The  most  important  general  conclusions  to  be  drawn  from  the  experi- 
ments Avhich  have  just  been  described  are  that  both  the  quantity  and 
the  quality  of  the  amino-acid  mixture  circulating  in  the  blood  are 
changed  by  changes  in  diet,  that  these  changes  have  a  marked  influence 
on  milk  secretion,  and  that  protein  metabolism  is  intimately  related 
to  the  metabolism  of  both  carbohydrate  and  fat.  A  change  in  the 
carbohydrate  of  the  diet  may  affect  the  amino-acids  of  the  blood,  and 
thereby  the  secretion  of  milk  protein;  and  a  change  in  the  protein  of 
the  diet  may  affect  the  secretion  of  milk  fat — probably  again  through 
a  change  in  the  amino-acids  of  the  blood. 

2.  Relation  between  milk  secretion  and  the  carbohydrate,  phosphatid 
and  calcium  of  the  blood.  No  experiments  have  been  carried  out  in 
which  the  milk  yield  and  either  the  dextrose,  phosphatid  or  calcium 
of  the  blood  have  been  studied  simultaneously.  But  there  is  a  good 
deal  of  evidence  in  regard  to  how  the  concentration  of  these  three 
constituents  of  blood  varies  imder  various  physiological  conditions; 
and,  also,  as  to  how  variations  in  the  quantity  of  carbohydrate,  fat, 
phosphorus  and  calcium  in  the  food  affect  the  milk  yield.  Bringing 
these  two  sets  of  investigation  into  relation  with  each  other  throws  a 
good  deal  of  light  on  the  physiology  of  nutrition  and  of  milk  secretion. 

The  concentrations  of  both  dextrose  and  phosphatid  in  the  blood  are 
subject  to  considerable  variation.  The  blood  sugar  content  may  vary 
with  the  quantity  of  carbohj'-drate  supplied  in  the  food  (77,  p.  223), 
and  is  also  altered  by  such  influences  as  anxiety,  pain  and  anesthesia 
(13,  pp.  66-80)  (100).  The  concentration  of  milk  sugar,  on  the  other 
hand,  is  surprisingly  constant  (89),  (90),  (91),  (92),  (25),  (15).     None 
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of  the  investigations  so  far  carried  out  throws  any  light  on  the  question 
whether  milk  secretion  is  affected  by  changes  in  the  concentration  of 
blood  sugar.  In  Gary's  investigation  (15)  the  milk  yield  was  found  to 
decrease  when  the  carbohydrate  in  the  ration  was  greatly  decreased. 
But  Carj^'s  work  shows  that  a  reduction  in  the  carbohydrate  of  the  food 
causes  a  reduction  in  the  concentration  of  amino  nitrogen  in  the  blood 
and  also  a  reduction  in  the  concentration  of  the  milk  nitrogen.  It  is 
quit«  probable  that  changes  in  the  amount  of  carbohydrate  supplied 
in  the  food,  and  changes  in  carbohydrate  metabolism  generally,  affect 
the  milk  yield  through  changes  which  they  induce  in  protein  metabolism 
rather  than  through  any  change  brought  about  in  the  concentration  of 
carbohydrate  in  the  blood.  The  same  comment  would  apply  to  a 
number  of  researches  in  which  the  effects  of  phlorhidzin  administration 
on  milk  yield  and  on  the  concentration  of  milk  sugar  were  studied 
(17),  (19),  (93),  (94),  (95). 

The  concentration  of  phosphatid  in  the  blood  has  been  shown  to  be 
increased  by  feeding  fat  (9),  (10).  It  is  also  increased  during  milk 
secretion  independently  of  the  food  supply  (84) .  The  work  of  Morgen 
and  his  collaborators  (89),  (90),  (91),  (92)  shows  that  the  concentration 
of  milk  fat  may  be  influenced  by  the  fat  of  the  food;  that  of  Jordan, 
Hart  and  Patten  (69),  that  it  may  be  influenced  by  the  phosphorus 
contained  in  the  food.  It  seems  likely  that  changes  in  the  quantity  of 
fat  or  phosphorus  contained  in  the  food  influence  the  secretion  of  milk 
fat  by  bringing  about  changes  in  the  concentration  of  phosphatid  cir- 
culating in  the'  blood;  but  as  j^t  no  direct  proof  of  this  proposition 
has  been  adduced. 

The  concentration  of  calcium  in  blood  plasma  is  more  constant  than 
that  of  any  other  consitutent  whidi  has  been  hitherto  studied.  In 
adult  human  beings  and  cattle  the  normal  limits  arc  from  9  to  11  mgm. 
per  100  cc.  plasma  (51),  (64),  (66),  (72),  (73),  (74),  (82),  (84),  (87).  The 
chang(>s  in  concentration  which  can  be  brought  about  by  changing  the 
quantity  of  calcium  in  the  food  of  these  animals  are  barely  outside  the 
limits  of  error  for  the  (^^terminations  (8),  (50),  (84).  It  is  not,  surprising, 
therefore,  to  find  that  reductions  in  the  amount  of  calcium  in  tiu^  food, 
even  when  sufficient  to  bring  about  a  marked  negative  calcium  balance, 
have  no  iinincdinU!  effect  on  milk  secret  ion  (33),  (42),  (43),  (44),  (52). 

It  will  1)0  seen  from  tlie  foregoing  paragraphs  that  our  knowledge  of 
the  manner  in  which  diet  affects  milk  secretion  through  changes  brought 
about  in  the  concentrations  of  the  various  milk  pnu-ursors  in  the  blood 
18  still  in  a  very  fragmentary  state.  The  evidenei;  now  on  hand  seems 
to  juiitify  the  following  views. 


MILK  SECRETION  AS  RELATED  TO  DIET  229 

Milk  secretion  is  preeminently  affected  through  changes  in  the 
quahty  and  quantit}''  of  the  amino-acid  mixture  circulating  in  the  blood. 
Such  changes  are  brought  about  by  changes  in  the  quantity  or  quahty 
of  the  protein  fed,  and  also  by  marked  changes  in  the  quantity  of  the 
non-protein  portion  of  the  ration.  They  tend  to  affect  the  whole 
amount  of  milk  yielded  rather  than  the  concentration  of  protein  in 
the  milk,  though  the  latter  kind  of  change  can  easily  be  detected  when 
the  experimental  conditions  are  appropriate.  The  amino-acid  mixture 
circulating  in  the  plasma  seems,  under  certain  circumstances,  to  have 
an  effect  on  the  secretion  of  milk  fat. 

In  the  experimental  procedures  hitherto  used  the  effects  on  milk 
secretion  of  changes  in  carbohydrate  metabolism  are  confused  with  the 
effects  of  changes  induced  in  protein  metabolism.  It  is  improbable 
that  milk  secretion  is  affected  by  any  changes  in  the  concentration  of 
blood  sugar  which  can  be  brought  about  under  ordinary  circumstances. 

Milk  fat  is  derived  from  the  phosphatid  of  the  blood  plasma.  Its 
secretion  is  probably,  to  some  extent,  dependent  on  the  concentration 
of  phosphatid  in  the  blood,  and  therefore  on  both  the  fat  and  phosphorus 
supplied  in  the  food.  That  milk  fat  is  usually  derived  from  food  fat  is 
shown  not  only  by  the  work  of  Morgen  and  his  collaborators  frequently 
referred  to  above,  but  also  by  numerous  investigations  in  which  it  has 
been  shown  that  the  quahty  of  the  milk  fat  is  influenced  by  the  quality 
of  the  food  fat  and  that  fatty  acids  not  normally  contained  in  butter 
can  be  made  to  appear  in  it  if  they  are  supplied  in  the  food.  As  ex- 
amples of  the  evidence  for  these  two  propositions,  the  work  of  Eckles 
and  Palmer  (20)  and  of  Bowes  (12)  may  be  referred  to.  These  authors 
give  references  to  previous  work  on  the  subject.  The  connection  be- 
tween the  secretion  of  milk  fat  and  the  phosphorus  of  the  food  is  shown 
by  the  work  of  Jordan,  Hart  and  Patten  (69). 

The  work  of  these  authors  shows  that  the  concentration  of  milk 
phosphorus  is  not  affected  by  the  phosphorus  supplied  in  the  food, 
though  the  concentration  of  milk  fat  is  affected;  and  the  reason  for  this 
rather  peculiar  situation  is  given  in  the  work  of  Meigs,  Blatherwick  and 
Gary  (84).  The  phosphatid  of  the  blood  contains  more  phorphorus 
in  proportion  to  fat  than  does  the  milk.  In  taking  sufficient  phosphatid 
from  the  blood  to  provide  for  the  milk  fat,  therefore,  the  mammary  gland 
always  gets  more  phosphorus  than  is  required  to  go  into  the  milk,  and 
it  returns  the  surplus  to  the  blood  as  inorganic  phosphate.  It  is  quite 
conceivable  that  the  return  of  this  extra  phosphorus  to  the  blood 
might  be  independent  of  the  amount  of  phosphorus  contained  in  the 
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food,  and  that  the  concentration  of  phosphorus  in  the  milk  might, 
therefore,  be  independent  of  the  food  phosphorus. 

The  calcium  contained  in  milk  must  be  derived  from  the  calcium  of 
the  blood  plasma  or  from  some  part  of  it.  The  plasma  calcium  may, 
therefore,  be  regarded  as  the  precursor  of  the  milk  calcium.  The  con- 
centration of  plasma  calcium  is  extremely  constant  and  largely  in- 
dependent of  the  food  supply.  It  is  not  surprising,  therefore,  to  find 
that  changes  in  the  quantity  of  calcium  in  the  food  have  no  immediate 
effect  on  milk  secretion.  A  long-continued  deficiency  of  calcium  and 
phosphorus  in  the  food  does  finally  bring  about  a  reduction  in  milk 
secretion,  as  has  been  shown  by  Fingerling  (33).  But  the  same  author 
shows  that,  as  the  total  \aeld  of  milk  falls  off,  the  concentration  of 
calcium  and  phosphorus  therein  rises;  and  it  seems  quite  possible  that 
a  deficiency  of  calcium  in  the  diet  may  affect  milk  yield  in  some  indirect 
way,  and  not  through  a  change  in  the  calciurii  content  of  the  blood 
plasma. 

IV.  Quantitative  estimations  of  the  amounts  of  protein  and 
ENERGY  REQUIRED  FOR  MILK  SECRETION.  An  accouut  of  the  relation 
between  milk  secretion  and  diet  would  be  incomplete  without  a  brief 
review  of  the  attempts  which  have  been  made  to  determine  the  quanti- 
ties of  protein  and  total  nutrients  or  energy  required  to  support  a  given 
amount  of  milk  secretion  in  cows. 

Accounts  of  the  work  along  these  lines  and  references  to  the  literature 
are  given  in  the  standard  textbooks  on  cattle  feeding  (3),  (60),  (71), 
(75),  and  tables  are  published  in  which  it  is  stated  that  a  cow  of  a  given 
weight  requires  a  certain  quantity  of  protein  and  a  certain  quantity 
of  total  nutrients  for  her  maintenance,  and,  in  addition,  so  much  protein 
and  so  much  nutrients  for  each  pound  of  milk  with  a  given  fat  content. 

It  is  clear  from  a  study  of  the  original  work  on  the  subject  that  the 
aim  has  been  to  determine  the  quantities  of  protein  and  nutritive  (Miergy 
necessary  to  keep  a  cow  in  nutritive  equilibrium  when  she  is  giving  a 
certain  quantity  of  milk.  The  difficulties  in  the  way  of  making  such 
determinations  are  very  considerable.  It  requires,  in  the  first,  phicc, 
an  elaborate  and  expensive  expt^riment  to  determine  whether  an  animal 
is  in  nitrogen  equilibrium  or  in  energy  equilibrium:  many  of  the  in- 
vcfitigators  of  the  subject  have  not  attempted  to  do  this  accurately. 
but  have  merely  used  tlie  body  weight  as  a  rough  indication  as  to 
whether  their  animals  were  in  nutritive  equilibrium  or  not.  Further 
difficulties  are  introduced  by  the  natural  variatio!)  in  the  (lualities  of 
foodSi  and  in  the  difTeniif  proijortions  of  tiie  same  digested  by  dilTcrent 
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animals  or  by  the  same  animal  under  different  conditions.  In  the  case 
of  protein,  finally,  there  is,  strictly  speaking,  no  such  thing  as  a  quan- 
titative requirement  for  milk  secretion  at  all.  The  milk  proteins  con- 
tain certain  amino-acids,  such  as  tryptophane  and  lysine,  which  cannot 
be  manufactured  from  other  materials  by  the  animal  body  and  which 
are  contained  in  varying  amounts  in  certain  vegetable  proteins  and  are 
absent  altogether  from  others  (105,  pp.  70  et  seq.).  The  quantity  of 
protein  required  to  support  a  given  milk  yield  will  vary,  therefore, 
with  the  quality  of  the  protein  supplied;  and  it  is  obvious  that  the 
figures  given  as  the  protein  requirement  for  milk  secretion  cannot  be 
taken  as  generally  accurate  for  all  kinds  of  protein.  They  represent,  at 
best,  the  requirement  for  milk  secretion  of  the  particular  kind  of  pro- 
tein used  in  the  experiment  in  which  they  were  obtained. 

In  spite  of  all  these  difficulties,  the  figures  obtained  by  different  in- 
vestigators do  not  vary  so  widely  as  might  be  supposed.  As  was  to 
have  been  expected,  the  figures  given  for  protein  requirement  are  the 
most  variable.  It  is  difficult  to  make  a  thorough-going  comparison 
of  all  the  figures,  because  the  different  investigators  give  their  results 
in  different  terms  which  are  not  strictly  comparable.  In  a  general 
way,  however,  it  may  be  said  that  the  difference  between  the  high  and 
low  figures  given  for  protein  requirement  amounts  to  about  33  per  cent 
of  the  latter;  while  the  same  difference  in  the  case  of  total  nutrients  or 
energy  amounts  to  about  13  per  cent  (3,  p.  714;  60,  pp.  133  and  667). 
If  the  figures  for  the  requirements  are  compared  with  the  products 
obtained  in  the  milk,  it  will  be  found  that  the  production  of  a  gram  of 
protein  or  of  total  nutrients  in  the  milk  requires  about  twice  that  weight 
of  protein  or  of  total  nutrients  in  the  food,  in  addition  to  the  main- 
tenance requirement  (60,  p.  133). 

The  optimum  jdeld  of  a  milking  animal  is  often  considerably  above 
that  which  she  will  give  when  kept  in  nutritive  equilibrium.  A  clear 
discussion  of  this  phase  of  the  subject  is  given  by  Armsby  (3,  pp.  513  et 
seq.).  If  fed  more  than  is  required  to  preserve  nutritive  equilibrium, 
the  lactating  animal  will  put  part  of  the  surplus  into  an  increased 
energy  output,  part  into  body  growth,  and  part  into  increased  milk 
yield.  Just  what  proportion  of  the  increased  food  intake  will  take  each 
of  these  three  outlets  under  different  circumstances  is  a  question  of  very 
great  practical  importance,  but  there  are  considerable  difficulties  in 
the  way  of  its  investigation,  and  it  has  so  far  hardly  been  touched. 

V.  ViTAMiNES  AND  MILK  SECRETION.  The  questiou  of  the  relation  of 
vitamines  in  the  diet  to  milk  secretion  has,  as  yet,  been  little  studied. 
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The  whole  subject  is  too  new  to  make  possible  any  very  detailed  dis- 
cussion or  definite  conclusions,  but  there  are  not  wanting  results  which 
point  to  its  importance,  and  these  will  be  briefly  referred  to.  An 
extensive  review  of  the  general  subject  of  vitamines  in  nutrition  is 
given  by  Sherman  (100a). 

It  is  probably  a  mistake  to  suppose  that  the  three  little  known  ma- 
terials which  at  present  occupy  the  center  of  the  stage  under  the  name 
of  vitamines  are  the  only  unknown  chemical  compounds  which  are 
required  for  the  nutrition  of  all  animals  under  all  physiological  con- 
ditions. We  already  have  liints  of  the  existence  of  one  or  two  rivals, 
and  it  is  altogether  probable  that  a  good  many  more  will  make  their 
appearance  as  soon  as  investigators  begin  to  search  for  them.  For 
some  time  past  evidence  has  been  in  existence  which  indicates  that  there 
are  compounds  which  have  an  influence  on  milk  secretion  in  addition 
to  those  generally  recognized. 

The  evidence  in  question  comes  from  the  work  of  Morgen  and  his 
collaborators  (32),  (91).  These  investigators  found  that  when  milking 
animals  were  fed  on  a  basal  ration  of  factory  products,  their  milk  yield  was 
noticeably  increased  by  the  addition  of  small  quantities  of  what  thej'^ 
call  "Reizstoffe" — certain  aromatic  seeds  and  the  water  extract  of 
meadow  hay.  The  basal  rations  in  these  experiments  were  probably 
low  in  all  three  vitamines,  and  the  beneficial  effects  on  milk  yield  of 
adding  the  "Reizstoffe"  may  have  been  due  to  the  addition  of  either 
the  water-soluble  or  the  fat-soluble  vitamine,  or  of  both.  It  is  possible, 
on  the  other  hand,  that  they  were  due  to  some  material  not  identical 
with  any  of  the  three  vitamines  which  are  receiving  so  much  considera- 
tion at  present. 

According  to  McCollum  (79),  the  fat-soluble  vitamine  is  generally 
represented  fairly  well  in  the  leaves  of  plants,,  while  the  water-soluble 
is  everywhere  plentifully  present  in  seeds.  Most  cattle  rations  com- 
poeed  of  grain  f^nd  hay  ought,  therefore,  to  contain  these  two  vitamine*. 

It  seems  likely,  however,  that  milking  animals  kept  on  the  usual 
winter  rations  would  got  very  little  of  the  antiscorbutic  vitamine  in 
their  fo<Ki,  liurnes  and  Hume  (5)  have  reported  that  tlu;  antiscorbutic 
property  of  cow's  milk  varies  with  the  season,  and  Hart,  Steenbock  and 
Ellis  (68)  have  published  experiments  showing  (hat  llic  milk  from  cows 
on  pasture  contains  more  of  the  antiscorbutic;  vitiuuinc  than  that  from 
cows  fed  exclusively  on  winter  rations.  TIichc  results  have  been  con- 
finned  by  Hess  (02)  and  by  Dutcher  and  others  (23).  They  indicate 
that  the  antiscorbutic  vitatnine  is  not  KynthcHized  by  milkitig  animals, 
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and  that  its  absence  from  the  food  reduces  its  concentration  in  the  milk 
rather  than  the  total  milk  yield. 

McCollum,  Simmonds  and  Pitz  (78),  (80)  have  described  experi- 
ments which  indicate  that  the  growth  of  young  nursing  rats  is  retarded 
when  the  fat-soluble  and  water-soluble  vitamines  are  absent  from  the 
diet  of  their  mothers.  The  authors  believe  that  this  is  due  to  a  reduced 
concentration  of  the  vitamines  in  the  milk  rather  than  to  a  reduction 
of  the  total  milk  yield,  but  they  adduce  no  experimental  evidence  in 
support  of  their  belief.  Dutcher  (23),  however,  and  Hughes  (65)  have 
announced  that  in  experiments  to  be  published  later  they  have  shown 
that  it  is  possible  to  reduce  the  concentration  of  either  the  fat-soluble 
or  the  water-soluble  vitamine  in  milk  by  withholding  these  materials 
from  the  food  of  the  nursing  mother. 

Hart,  Steenbock  and  Hoppert  (59)  find  that  milking  goats  fed  the 
fresh  green  oat  plant  assimilate  calcium  better  than  when  fed  the  same 
plant  in  the  dried  state,  and  they  attribute  the  better  calcium  assimila- 
tion to  a  vitamine  contained  in  the  fresh  material.  The  connection 
between  milk  secretion  and  calcium  assimilation  is  so  important  that 
these  experiments  will  be  considered  here,  although  they  do  not  bear 
directly  on  the  relation  between  vitamines  and  milk  secretion. 

Hart  and  his  collaborators  carried  out  further  experiments  directed 
toward  determining  the  nature  of  the  material  which  is  contained  in 
the  green  oat  plant,  and  which  facilitates  calcium  assimilation.  They 
determined  the  calciiun  balance  in  animals  which  were  fed  on  a  basal 
ration  of  dried  materials  with  additions  of  cabbage,  orange  juice,  butter- 
fat  or  cod-liver  oil.  The  cod-liver  oil  was  the  only  one  of  these  ma- 
terials which  facilitated  calcium  assimilation.  The  authors  consider 
the  results  with  cabbage  and  orange  juice  sufficiently  definite  to  show 
that  the  antiscorbutic  vitamine  has  no  favorable  influence  on  calcium 
assimilation.  They  do  not  think  that  the  results  with  butter  fat  are 
conclusive,  and  they  leave  open,  therefore,  the  question  whether  the 
material  which  facilitates  calcium  assimilation  is  the  fat-soluble  vita- 
mine or  some  unknown  material  contained  in  cod-liver  oil.  The 
question  whether  absence  .of  the  fat-soluble  vitamine  from  the  diet 
may  be  a  cause  of  the  faulty  calcium  assimilation  characteristic  of 
rickets  has  been  studied  by  a  number  of  investigators  with  rather 
varying  results  (61),  (63),  (81),  (85),  (86),  (101). 

The  work  on  the  relation  between  milk  secretion  and  the  vitamine 
content  of  the  diet,  which  has  just  been  reviewed,  may  be  simmiarized 
by  saying  that  the  evidence  so  far  obtained  tends  to  indicate  that 
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changes  in  the  vitamine  content  of  the  diet  influence  directly  the  con- 
centration of  vitamines  in  the  milk  rather  than  the  amount  of  milk 
secreted.  Whatever  influence  the  vitamines  of  the  food  may  have  on 
milk  yield  is  probably  indirect  and  therefore  more  or  less  delayed.  The 
field,  however,  is  too  new  to  justify  the  drawing  of  any  very  positive 
or  detailed  conclusions. 
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Due  to  the  fact  that  it  is  utterly  impossible  in  an  article  of  two  or 
three  dozen  pages  to  consider  any  particular  part  of  so  vast  a  subject 
in  detail,  generalities  alone  will  be  emphasized .  Furthermore,  as  the 
references  which  bear  directly  on  the  matter  number  at  present  oyer 
two  thousand  with  perhaps  as  many  more  which  are  very  closely  re- 
lated to  this  type  of  work,  we  have  been  obliged  to  limit  the  bibliography 
to  those  references  which  are  the  more  important.  Heffter  (37)  in 
his  Ergebnisse  article  has  covered  the  literature  quite  fully  up  to  the 
year  1904.  One  is  also  referred  to  Frankel's  excellent  work  Arzneimit- 
tehynthese  (31)  particularly  for  a  discussion  of  the  subject  from  the 
standpoint  of  pharmacology. 

Foreign  organic  compounds  introduced  into  the  animal  body  by  way 
of  the  gastro-intestinal  tract  or  by  subcutaneous  or  intravenous  in- 
jections can  not  be  considered  as  foods  but  must  be  treated  under  the 
collective  heading  of  poisonous  or  toxic  substances.  The  problem, 
therefore,  is  one  of  toxicology  rather  than  of  normal  physiology  or 
physiological  chemistry,  and  resolves  itself  into  a  study  of  the  "chemical 
defense  mechanism  of  the  animal  organism."  The  animal  body, 
in  order  to  protect  itself  from  these  toxic  materials,  must  be  able  either 
to  destroy  them  completely  or,  if  this  is  impossible,  to  detoxicatc  them 
in  one  way  or  another  and  (eliminate  them  in  one  of  the  body's  excre- 
tions; and  as  the  urine  is  the  usual  channel  of  elimination,  the  solubility 
of  the  detoxication  products  Incomes  a  very  important  factor. 

To  attain  these  ends  the  body  has  at  its  command  a  series  of  chemical 
reactions — reactions,  by  the  way,  which  wo  are  unable  at  the  present 
time  to  duplicate  in  our  Iwst  equipped  hihoratorics.  Th(»  first  method 
of  attacking  a  foreign  molecule  seems  to  be  an  attempt  at  conrjdcte 
oxidation.  This,  in  tlie  majority  of  cases  nuM'ts  with  at  least  partial 
gurcoHH.  If  the  comixnind  1k^  an  aliphatic  fatty  acid  its  destruction 
will  likely  Ik?  complete;  if  it  \)c  an  aromatic  derivative  of  a  long  chain 
acid  the  Hide  chain  will  likely  In*  reduced  to  one  or  two  carbon  atoms, 
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depending,  as  we  shall  see  later,  on  the  number  of  carbons  composing 
the  original  chain.  In  some  cases  reduction  is  used  as  a  precursor  of 
oxidation,  and  in  a  few  instances  as  an  independent  reaction.  Should 
the  foreign  molecule  be  able  to  withstand  these  tj^pes  of  attack,  or 
yield  to  them  at  most  only  partially,  it  is  necessary  for  the  body  to 
have  recourse  to  a  synthetic  type  of  reaction,  combining  the  toxic 
substance  with  some  radical  or  molecule  which  it  has  at  its  disposal. 
In  this  way  not  only  is  the  toxicity  reduced  but  the  resulting  product 
is  rendered  more  soluble.  This  synthetic  type  of  reaction  embraces 
both  the  conjugation  with  one  of  the  amino  acids  such  as  glycocoll, 
glutamine  or  cysteine,  or  perhaps  with  sulphuric  or  glycuronic  acids; 
as  well  as  methylation,  acetylation  and  uramino  acid  formation. 

Knoop  (52)  noticed  that  whenever  an  aromatic  derivative  of  a  fatty 
acid  was  fed  to  an  animal  it  appeared  in  the  urine  either  as  benzoic 
acid  or  phenylacetic  acid  in  combination  with  glycocoll,  i.e.,  as  hippuric 
or  phenaceturic  acids.  Further  consideration  showed  that  the  benzoic 
acid  formers  were  invariably  those  containing  an  odd  number  of  carbon 
atoms  in  the  chain,  such  as  phenylpropionic  or  phenylvaleric  acids, 
while  those  acids  like  phenylbutyric  and  phenylcaproic,  containing  an 
even  number  of  carbon  atoms  in  the  side  chain  always  produced  phenyl- 
acetic acid.  No  acid  with  an  odd  number  of  carbon  atoms  in  the  chain 
ever  furnished  an  intermediary  product  of  metabolism  with  an  even 
number  of  carbons.  Accordingly  he  concluded  that  these  compounds 
must  be  shortened  by  the  splitting  off  of  two  carbons  at  a  time,  that 
is  to  say,  the  |S-carbon  was  in  each  case  the  target  for  oxidation.  This 
view  was  strongly  supported  by  the  workof  Dakin  (18)  who  detected 
j8-phenyl-|S-hydroxy-propionic  acid  in  the  urine  after  feeding  phenyl- 
propionic  acid. 

CjHs.CHrCHjCOOH CeH^CHOHCHrCOOH 

Phenylpropionic  Acid        /3-Phenyl-/3-hydroxy-propionic  Acid. 

It  has  been  pointed  out,  moreover,  by  various  investigators  that  the 
natural  fats  are  composed  of  fatty  acids  consisting  of  an  even  number 
of  carbon  atoms  and  that  these  fats  in  the  organism  of  the  diabetic 
are  the  precursors  of  /3-hydroxy-butyric  acid.  Likewise  the  unsaturated 
side  chain  aromatic  acids  apparently  undergo  /3-oxidation.  Thus 
cinnamic  acid,  CgHo  •  CH :  CH  •  COOH,  is  oxidized  to  benzoic  acid 
(27)  in  the  animal  body  to  form  i3-phenyl-j8-hydroxy-propionic  acid 
(21)  as  an  intermediary  product. 
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Amino  acids,  particularly  aliphatic  a-amino  acids,  R  •CHNH2'C00H, 
are  apparently  subject  to  attack  at  the  a-carbon  position,  and  either 
by  oxidative  or  hydrolytic  deamination  are  converted  into  a-hydroxy, 
R-CHOH-COOH^  or  a-keto,  R-CO-COOH,  fatty  acids.  In  either 
case  but  one  carbon  atom  is  split  off,  and  the  a-carbon  is  oxidized  to  a 
carbox\'l  s;roup'  The  fatty  acid  thus  formed  is  then  subject  to  the 
general  rule  of  /3-oxidation. 

Alcohols  of  the  aliphatic  series  are  oxidized  to  the  corresponding  acids, 
for  example,  methyl  alcohol  to  formic  acid  (80).  Primary  and  second- 
arj'  alcohols  as  a  rule  are  easily  oxidized  in  the  organism,  but  tertiary 
alcohols  are  apparently  burned  with  great  difficulty.  Thus  ethyl 
alcohol  in  small  amounts  is  completely  changed  to  carbon  dioxide  and 
water,  and  isopropyl  alcohol,  (CH3)2CHOH,  is  largely  converted  into 
acetone  (CH3)2CO  (5),  whereas  tertiary  alcohols  are  usually  excreted 
in  combination  with  glycuronic  acid,  as  was  found  for  tertiary  amyl 
alcohol,  (CH3)2COH-CH2-CH3,  and  tertiary  butyl  alcohol,  (CH3)3- 
COH.  The  halogen  substituted  alcohols  are  as  a  rule  excreted  in 
combination  with  glycuronic  acid  and  seem  particularly  resistant  to 
oxidation  (71).  Two  well-known  cases  are  trichlorethyl  alcohol, 
CCI3 -0112011,  (70)  and  trichlorbutyl  alcohol.  Aldehydes  are  seldom 
if  ever  found  as  intermediary  products  of  alcoholic  oxidation,  but  con- 
versely the  reduction  of  aldehydes  to  alcohols  as  chloral,  CCU-CHO, 
to  trichlorethyl  alcohol,  CCI3 -0112011,  is  by  no  means  rare. 

The  dicarboxylic  acids  are  in  general  more  resistant  to  oxidation 
than  the  fatty  acids.  Thus  oxalic  acid,  (000H)2,  according  to  some 
authors  is  not  oxidized  at  all  (66) ;  however,  when  malonic  acid,  OOOH  •- 
CHi-COOH,  is  fed,  relatively  small  amounts  of  the  unoxidizod  material 
appear  in  the  urine,  while  traces  of  it  arc  excreted  as  oxalic  acid.  Suc- 
cinic acid,  (OOOH-OH2)2,  and  glutaric  acid,  OOOH  •(OH2)3- OOOH, 
are  quite  easily  burned  by  the  organism.  It  would  seem  from  this 
that  the  rcHistancc  to  oxidation  of  this  series  of  acids  decreases  with 
rise  of  molecular  weight,  following  nuich  the  same  rule  as  that  laid 
down  for  physiological  oxidation  of  the  fatty  acids,  namely,  that  the 
pomibility  of  oxidation  varies  indirectly  with  the  volatility  of  the 
member  of  the  scries.  Both  rules,  however,  have  many  exceptions, 
particularly  the  one  regarding  the  (licarl)oxylic  acids.  Thus  adipic 
acid  i.H  rimcli  liriT-dpr  to  oxidize  than  ajiy  of  flic  lower  members  of  the 
Bt'r'wn. 

Some  of  the  lower  hydroxy,  aldehyde  and  keto  acids  are  imi)ortant 
on  account  of  iUvir  relationHhip  to  the  probable  intermediary  products 
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of  carbohydrate  metabolism.  Glycollic  acid,  CH2OH  •  COOH,  and  gly- 
oxylic  acid,  CHO-COOH,  are  both  oxidized  in  a  large  measure  to  oxalic 
acid,  (C60H)2,  (16).  Pyruvic  acid,  CHa-CO-COOH,  administered 
in  small  doses,  appears  to  be  completely  oxidized,  whereas,  after  sub- 
cutaneously  injecting  into  a  cat  7  grams  of  the  substance  as  the  sodium 
salt,  (25),  there  appeared  in  the  urine  of  the  animal  glucose,  dl-lactic 
acid  and  the  sodium  salt  of  some  unchanged  pyruvic  acid. 

The  amides  of  the  higher  fatty  acids  are  easily  hydrolyzetl  into  am- 
monia and  the  corresponding  fatty  acids,  the  ammonia  fraction  going  to 
increase  the  urea  output  while  the  fatty  acid  is  subject  to  decomposi- 
tion according  to  the  rule  of  /3-oxidation.  The  amides  of  the  lower 
fatty  acids,  on  the  contrary,  such  as  acetamide  (25),  CH3 -00X112, 
appear  to  be  very  resistant  to  oxidation  and  pass  through  the  organism 
unchanged.  The  a-amino  acids  found  in  protein,  of  the  type 
R-CHNHa-COOH,  are  completely  destroyed  in  the  animal  body  after 
an  initial  process  of  oxidation  or  hydrolytic  deamination,  which  shows 
that  the  amino  group  is  the  most  sensitive  part  of  the  molecule.  It 
is  interesting  to  note  that  while  the  optical  antipodes  of  these  amino 
acids  are  usually  treated  by  the  bodj^  as  non-toxic  foreign  substances 
and  excreted  unchanged  in  the  urine,  the  dl-forms  of  some  of  the  lower 
amino  acids  are  completely  oxidized,  for  example,  dl-alanine, 
CHa-CHNHaCOOH  (33). 

A  number  of  investigators  have  substituted  one  or  both  of  the  hydro- 
gen atoms  of  the  amino  group  of  these  acids  and  fed  them,  with  the 
result  that  they  were  found  to  be  very  resistant  to  oxidation.  Fried- 
mann  noted  that  when  the  amino  acids  found  in  proteins  were  mono- 
methylated,  R-CH(NH-CH3)-C00H,  the  lower  members  of  the  series 
were  excreted  free  to  the  amount  of  about  one-third  of  the  total  that  was 
fed,  while  the  higher  members  were  excreted  almost  quantitatively. 
A  number  of  the  amino  acids  have  been  benzoylated  (65),  R-CH(NH-- 
CO-C6H5)-COOH,  or  phenylacetylated  (96),  R-CH(NH-CO-CH2-C6- 
H5)-C00H,  with  the  result  that  they  also  were  excreted  in  the  free 
state. 

The  unsaturated  aliphatic  acids  are  completely  oxidized  in  the  body 
as  is  shown  in  the  case  of  acryhc  acid,  CH2:CIi-C00H,  (63).  The 
corresponding  aromatic  acids,  however,  are  oxidized  only  to  benzoic  or 
phenylacetic  acids. 

CeHrCHtCH-COOH    — >    CeHs-COOH 
Cinnamic  Acid.  Benzoic  Acid. 

CsHsCHjCHrCH-COOH    -^     CsHsCHiCOOH 
Phenylisocrotonic  Acid.  Phenylacetic  Acid. 


242  CARL   p.    SHERWIN 

The  7-substituted  fatty  acids  are  mostly  excreted  unchanged,  but  a 
few  are  converted  into  their  lactone  forms.  Thus  phenylbutyric  acid, 
C6H5-CH2-CH2-CH2-COOH,  is  excreted  as  its  lactone.  An  interest- 
ing exception  to  this  common  rule  is  the  case  of  phenyl-7-keto-butyric 
acid,  C6H5-CH2-CO-CH2-COOH.  In  this  case  the  carbonyl  group  is 
apparently  reduced  and  the  phenylbutyric  acid  thus  formed  is  then 
oxidized  to  phenylacetic  acid  and  excreted  in  combination  with  glycocoU 
(phenaceturic  acid). 

In  the  oxidation  of  aromatic  substances  many  complications  are  met 
with.  In  a  simple  case  like  the  phenyl  derivative  of  a  fatty  acid  there  is 
mere  /3-oxidation  of  the  side  chain,  but  where  there  are  two  or  more 
side  chains  or  substitution  products  so  many  new  factors  appear  that 
thes(3  cases  are  best  dealt  with  separately.  In  general  the  benzol  ring 
is  very  resistant  to  the  oxidizing  forces  of  the  body,  so  much  so,  in  fact, 
that  the  breaking  of  this  ring  is  found  in  exceedingly  few  cases.  The 
notable  cases  arc  those  acids  possessing  a  chain  of  three  carbon  atoms, 
one  end  of  which  chain  is  attached  to  the  benzol  ring  while  the  center 
carlx)n  holds  an  amino  group  (6), (7), (13), (91), (92),  as  phenylalanine, 
CeHs-CH.CHNHoCOOH,  or  tyrosine,  P-OHC6H4CH2-CHNH2- 
COOH  or  a-aminocinnamic  acid,  CgHs  •  CH :  C^H?  •  COOH. 

Again,  isophthalic  acid,  C6H4 -(00011)2  (1-3),  and  tercphthalic  acid, 
CeH4-(COOH)2  (1— i),  are  said,  to  some  extent  at  least,  to  be  com- 
pletely oxidized  in  the  body  (82),  while  the  o-com pound,  C6H4 -(00011)2 
(1-2),  phthalic  acid  itself,  is  not  subject  at  all  to  oxidation  (81).  After 
the  feeding  of  o-nitro-benzaldehyde  to  dogs  Oohn  (14)  found  only  about 
10  per  cent  of  the  material  excreted  unchanged  and  believes  that  the 
remainder  was  oxidized  in  the  body.  Shorwin  and  Hynes  (95)  ob- 
tained much  the  same  results  after  feeding  the  compound  to  dogs 
and  rabbits,  but  when  human  subjects  were  employed,  80  per  cent  of 
the  ingested  material  was  recovered  as  o-nitrob(>nzoic  acid.  This 
negative  sort  of  evidence  hardly  justifies  one  in  making  the  assertion 
that  this  is  another  case  where  the  o-compound  is  easily  destroyed  in 
the  Ixnly  while  the  ni-  and  p-compoumlH  remain  unoxidizod  (32).  In 
thiH  ca«c,  a«  in  many  othei-s,  the  o-compounds  appear  to  be  so  much 
more  toxic  than  the  m-  and  p-comi><)und8  that  they  must  be  fed  in 
much  Kinallcr  (Ioh<?h.  Acconlingly  they  may  be  lost  in  the  attempt  to 
iHolate  them  or  nuiy  Ik*  liandled  by  the  body  in  some  as  yet  undis- 
covered way  and  thuH  <'H('aiH»  detection  in  the  urine.  The  most  in- 
tereMting  coiniKiuiid  is  Im'mzoI  itself,  l)Ut  there  is  ho  much  conflicting 
C'vidcncG  regarding  its  fate;  in  the  body  that  the  entire  question  should 
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be  reinvestigated.  Jaffe  (48)  discovered  an  unsaturated  acid  in  the 
urine  of  animals  after  feeding  benzol  and  was  able  to  isolate  muconic 
acid.  On  injecting  muconic  acid  into  rabbits  in  amounts  as  large  as 
2  grams  he  was  able  to  recover  only  1  per  cent  of  the  substance  un- 
changed. From  this  work  one  is  led  to  believe  that  about  25  to  30 
per  cent  of  the  ingested  benzol  was  spUt  into  muconic  acid,  but  the 
muconic  acid  being  an  easily  oxidizable  substance  was  further  burned 
to  water  and  carbon  dioxide  leaving  only  a  trace  of  the  intermediary 
product  of  metabolism  for  excretion.  If  this  be  the  case  the  reaction 
is  expressed  by  the  following  simple  equation: 

.  II  H 

I  I 

HC     CH         HC     COOH 

I     II   +20,  -►    I  +60,  ->  6CO,  +  3HOH 

HC     CH         HC     COOH 

•    I  I 

H  H 

Benzol.  Muconic  Acid. 

There  is  a  very  close  relationship  between  the  saturated  and  un- 
saturated acids  insofar  as  their  physiological  ozidation  is  con- 
cerned. It  seems  therefore  rather  improbable  that  muconic  acid  should 
be  so  easily  oxidized  when  the  corresponding  saturated  acid,  adipic 
acid,  is  oxidized  with  so  great  difficulty. 

COOH  CHrCHCHiCH- COOH  COOH- CHrCH,.CH,CH,- COOH 

Muconic  Acid.  Adipic  Acid. 

With  this  point  in  view,  Mori  (73)  repeated  the  work  of  Jaff^  and  was 
unable  to  substantiate  his  claims.  On  the  contrary,  Mori  found  that 
after  injecting  0.8  gram  muconic  acid  into  rabbits  73  per  cent  of  the 
substance,  on  the  average,  was  excreted  unchanged,  and  adipic  acid 
injected  in  the  same  quantities,  was  eliminated  as  such  to  the  amount  of 
61  per  cent.  After  administering  adipic  acid  there  was  always  an 
increase  in  oxalic  acid  excretion  as  a  result  of  the  (3-oxidation  of  some  of 
the  adipic  acid,  but  not  even  this  evidence  of  oxidation  was  noted  in 
the  case  of  muconic  acid.  Not  only  does  this  destroy  our  most  plausi- 
ble explanation  for  the  oxidation  of  the  aromatic  nucleus  in  the  body 
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but  it  also  excludes  the  probability  of  the  existence  of  muconicacid 
as  an  intermediary  metabolic  product  of  benzol. 

It  has  been  stated  above  that  a-amino-/3-phenylpropionic  acid 
(phenj'lalanine)  and  some  of  its  derivatives  are  completely  burned  in 
the  body.  Tyrosine,  which  is  phenylalanine  with  an  -OH  group  in 
the  p-position,  is  seemingly  burned  with  as  much  ease  as  phenylalanine 
itself.  If,  however,  the  position  of  the  -OH  group  in  the  ring  be  changed, 
i.e.,  if  o-  or  m-hydroxy phenylalanine  instead  of  the  p-hydroxy  com- 
pound be  fed,  there  is  a  very  slow  and  incomplete  oxidation,  resulting 
so  far  as  it  proceeds,  in  the  formation  of  o-  or  m-hydroxyphenylacetic 
tic  acid  (11),  (28).  M-chlorphenylalanine  as  well  as  the  p-chlor  com- 
pound have  been  found  to  yield  the  corresponding  phenylacetic  acids 
(34).  Dakin  (20),  however,  found  that  both  p-methylphenylalanine, 
CHs  •  C6H4  •  CH2  •  CHNH2  •  COOH,  and  p-methoxyphenylalanine,  CH3O  •  - 
C«H4-CH2-CHNH2COOH,  were  easily  and  completely  oxidized  in  the 
body  of  patients  suffering  from  alkaptonuria.  This,  with  other  in- 
stances (12),  signifies  that  a  meth}^  (-CH3)  group  in  the  benzol  ring 
does  not  act  as  a  hindrance  to  the  oxidation  of  the  ring.  A  chlorine 
atom,  however,  in  any  position  proves  a  block  to  further  oxidation 
rather  than  a  sensitive  point  at  which  the  ring  may  be  split. 

Perhaps  the  most  resistant  to  oxidation  are  the  phenyl  substitution 
products  of  the  fatty  acids.  These  as  we  have  previously  seen  are 
first  oxidized  to  benzoic  or  phenylacetic  acids,  then  combined  in  most 
cases  with  glycocoll  to  form  the  corresponding  hippuric  or  phenaceturic 
acids.  Not  only  is  this  true  of  the  long  chain  phenyl  derivatives  of 
the  fatty  acids  but  it  also  holds  for  most  of  the  substitution  products 
of  these  acids  where  one  or  two  hydrogen  atoms  in  the  ring  have  been 
replaced  by  a  nitro  group,  an  amino  group,  a  hychoxy  group  or  one  of 
the  halogens. 

Where  there  have  been  substitutions  in  tlie  side  chain  of  tlie  acid, 
oxidation  of  this  side  chain  is  either  hindered  or  facilitated,  depending 
first,  on  the  number  of  carbons  in  the  chain,  and  secondly,  on  the  posi- 
tioHH  and  kinds  of  subslitufed  groups.  We  have  previously  seen  iliat 
aromatic  acids  with  three  carljon  atoms  in  the  side*  chain,  containing 
alao  an  a-ainino  group,  for  example,  a-amino-/3-phenylpropionic  acid, 
are  completely  oxidized  in  the  animal  body.  This  is  likewise  true  of 
certain  a-hydroxy  and  a-keto  acids,  sucii  as  /j-phcnyllactic  acid,  ('olU-- 
CH.CHOHCOOH,  and  phenylpyruvic  acid,  CelUCHrCOCOGH. 
If,  however  the  amino,  hydroxy  or  kcto  group  occupies  a  /9-position, 
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oxidation  is  incomplete,  for  the  side  chain  alone  is  attacked.  Thus 
/3-phenyl-/3-aminopropionic  acid,  C6H5-CHNH2-CH2-COOH,  and  /3- 
phenyl-|3-hydroxypropionic  acid,  C6H5-CHOH-CH2-COOH,  are  both 
oxidized  only  to  benzoic  acid,  while  benzoylacetic  acid,  C6H5-CO^CH2-- 
COOH,  (19),  is  partly  excreted  as  such  and  partly  as  acetophenone, 
CeHs-CO-CHs,  together  with  some  |8-phenyl-/3-hydroxypropionic  acid, 
CeHs-CHOH-CHa-COOH,  and  some  cinnamic  acid,  CeHo-CHiCH- 
COOH,  the  latter  in  combination  with  glycocoll.  This  a  reduction 
without  /3-oxidation,  found  in  the  /3-amino  or  (3-hydroxy  acids.  Phenyl- 
acetic  acid  also  forms  a-amino,  a-hydroxy  and  a-keto  compounds. 
If  d-phenylglycine,  C6H5'CHNH2COOH,  is  fed,  mandelic  acid,  CeHs-- 
CHOH  •  COOH,  is  excreted,  probably  with  the  formation  of  phenylgly- 
oxylic  acid,  CeHs  •  CO  •  COOH,  as  an  intermediary  product  (77).  When, 
however,  dl-phenylglycine  is  ingested,  there  appears  in  the  urine  chiefly 
1-phenylglycine  along  with  dl-acetylaminophenylglycine,  CeHs-CH-- 
(NH-C0-CH3)C00H,  1-mandelic  acid  and  glyoxyhc  acid  (78).  The 
three  latter  substances  are  degradation  products  of  the  d-phenylglycine. 
A  small  fraction  of  both  the  d-  and  the  1-compounds  is  oxidized  to 
benzoic  acid.  Phenylglyoxylic  acid  when  fed  to  dogsor  human  beings 
is  reduced  to  1-mandelic  acid.  From  the  literature  it  is  difficult  to 
decide  whether  the  1-mandelic  acid  alone  is  formed  or  whether  both  the 
d-  and  the  1-forms  are  produced  but  with  different  pathways  of  elimina- 
tion. Schempp  (89)  found  only  dl-mandelic  acid  in  the  urine  of  men 
and  dogs  after  feeding  phenylbromacetic  acid,  (CeHs-CHBr-COOH). 
Since  simple  hydrolysis  of  this  compound,  however,  takes  place  even 
in  moist  air,  Schempp's  finding  is  .of  little  physiological  importance. 
The  separation  of  dl-substances  into  their  active  components  with 
subsequent  oxidation  of  one  and  total  elimination  of  the  other  has 
been  noted  by  various  experimenters.  Thus  dl-p-hydroxyphenylgly- 
o^5£^  acid,  4-OHC6H4-CHOH-COOH,  when  fed  to  rabbits  (24), 
is  split  into  its  optical  antipodes  followed  by  oxidation  of  the  1-com- 
ponent  and  excretion  of  the  d-form. 

Where  more  than  one  side  chain  is  attached  to  the  benzol  ring, 
oxidation  is  usually  confined  to  but  one  of  these  chains  (74),  (75), 
(76),  (93).  A  few  of  the  best  known  cases  are  those  of  m-xylene, 
p-cymene,  mesitylene  and  pseudo-cymene.  All  of  these  are  oxidized 
on  one  side  chain  to  the  corresponding  acids : 
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Cyclohexane  is  oxidized  in  a  large  measure  to  eyclohexanone  and  small 
amounts  even  further  with  ring  splitting  to  adipic  acid: 
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Cyclohexane. 

Cyclohexanone. 

Adipic  Acid, 

The  naphthalene  nucleus  is  also  partially  destroyed  in  the  organism 
as  was  demonstrated  by  the  interesting  experiment  of  Kikkoji  (51). 
He  wished  to  compare  the  fate  in  the  body  of  a  double  ring  compound 
containing  a  side  chain  of  three  carbon  atoms  holding  also  an  a-amino 
or  a-keto  group,  with  that  of  phenylalanine.  He  prepared  two  different 
compounds,  a-naphthylalanine  and  /3-naphthylalanine  and  fed  them  to 
dogs. 

H  CHj.CHNHrCOOH  H  H 

II  II 

HC  C  CH  HC  C  jCCHjCHNHrCOOH 

I       I      II      "      I  I       ^       II      "      I 

HC  C  CH  HC  C  »CH 

V/  \c^  V^  \c^ 

II  II 

H  H  H  H 

a-Naphthylalanine.  /3-Naphthylalanine. 

From  the  urine,  after  feeding  the  a-compound,  he  was  able  to  isolate 
an  unknown  derivative  of  naphthylene  which  apparently  had  both  rings 
intact.  Nothing  could  be  found  that  indicated  that  either  ring  had 
been  split.  After  feeding  j8-naphthylalanine,  however,  he  found  first 
that  the  side  chain  had  been  deaminized  and  shortened  to  two  carbon 
atoms,  then  that  a  second  reaction  had  split  ring  II  with  the  formation 
of  benzoic  acid  which  was  excreted  as  hippuric  acid.  The  reaction  is 
seemingly  the  one  pictured  below: 
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Benzoic  Acid. 

He  concludes  from  this  that  a-amino  acids  are  shortened  by  one  carbon 
at  a  time  and  that  the  splitting  of  the  ring  occurs  between  carbon  atoms 
1  and  2  instead  of  between  3  and  4;  else  the  resulting  compound  would 
have  been  phenylbutyric  acid,  C6H6'(CH2)3-COOH,  which  in  turn 
would  have  been  oxidized  to  phenylacetic  acid,  C6H6'CH2-COOH,  and 
have  been  found  in  the  urine  as  phenaceturic  acid. 

Reduction,  Reduction  in  the  animal  body,  while  not  so  common 
as  oxidation,  is  by  no  means  of  rare  occurrence.  One  of  the  first  cases 
found  in  the  literature  is  that  of  the  reduction  of  chloral,  CCI3CHO, 
to  trichlorethyl  alcohol,  CClrCHjOH,  (58),  (50),  (70),  (71),— a  reduc- 
tion, it  may  be  remarked,  which  is  l)rought  about  in  the  laboratory  only 
with  difficulty.  Other  reductions  have  since  been  found,  such  as  that  of 
quinonc  to  hydroquinone: 

•CHiCHv  •CHiCHv 

occ  >co   -*   hoc/  >coh. 


^CH:CH^  ^CH*CH'^ 

Unsaturated  acids  arc  changed  in  the  organism  into  saturated  coin- 
poundfi,  carbonyl  (-CO)  groups  into  secondary  alcohols  (-CIIOH), 
and  Ijoth  may  even  be  reduced  to  methyl  groups  (-CII3),  (50)  (100). 
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After  feeding  o-nitrotoluene,  Jaffe  (43),  (46)  found  that  the  compound 
had  been  oxidized  partly  to  o-nitrobenzyl  alcohol  and  partly  to  o- 
nitrobenzoic  acid.  In  this  case  there  was  very  probably  an  oxidation 
to  the  aldehyde  with  a  simultaneous  oxidation  and  reduction  analogous 
to  the  Cannizzaro  reaction,  R-CHO  +  R •  CHO->R •  CH2OH  +  R-- 
COOH. 

There  is  in  the  literature  a  number  of  cases  where  oxidation  and  re- 
duction occur  simultaneously  within  the  same  molecule,  A  remarkable 
case  of  this  kind  was  noted  by  Cohn  (14)  after  feeding  m-nitrobenzalde- 
hyde  to  rabbits: 
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m-Nitrobenzaldehyde.  m-Aminobenzoic  Acetic  Acid. 
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ra-Acetylaminobenzoic  Acid. 

Here  we  see  the  simultaneous  oxidation  of  an  aldehyde  (-CHO)  group 
to  a  carboxyl  (-COOH)  and  the  reduction  of  a  nitro  group  to  an  amino. 
As  a  secondary  reaction  we  have  the  interaction  between  the  m-amino- 
benzoic  acid  thus  formed  and  an  acetic  acid  molecule  resulting  in  the 
formation  of  an  acetylamino  compound.  After  feeding  the  p-nitro- 
benzaldehyde  to  rabbits  there  is  formed  in  an  analogous  manner,  p- 
acetylaminobenzoic  acid  from  a  part  of  the  substance,  while  another 
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part  is  merely  oxidized  on  the  aldehyde  group  to  p-nitrobenzoic  acid. 
Then  to  compUcate  matters  still  more  there  is  a  combination  of  these 
two  molecules  through  their  nitrogen  atoms  (84). 
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In  contrast  to  the  above  mentioned  nitrobenzaldehydes  the  o-nitro- 
benzaldehyde  is  excreted  as  o-nitrobenzoic  acid  only  to  about  10  per 
cent  of  the  amount  fed.  The  remainder  has  thus  far  escaped  detec- 
tion. It  is  interesting  to  note  here  that  the  nitrobenzaldehydes  act 
much  differently  in  the  organisms  of  the  dog  (99)  and  the  human  being 
(95).  The  o-nitro  compound,  when  fed  to  dogs,  also  disappears  in 
amounts  as  great  as  90  per  cent,  while  from  the  human  organism  it  has 
been  recovered  in  the  form  of  o-nitrobenzoic  acid  in  relatively  large 
amounts.  Both  the  m-nitro  and  the  p-nitro  benzaldehydes,  instead  of 
being  reduced,  in  either  case  are  oxidized  to  the  corresponding  acids 
and  excreted  to  a  large  extent  in  combination  with  glycocoll,  i.e.,  as 
m-nitro  and  p-nitro  hippuric  acids.  Again,  p-nitrophenylacetaldehyde, 
when  fed  to  a  human  being,  a  rabbit  and  a  dog,  was  merely  oxidized 
to  p-nitrophenylacctic  acid  and  eliminated  in  the  urine  witiiout  under- 
going either  reduction  or  conjugation. 

The  HiniultuneouH  reduction  of  a  nitro  group  and  Ihe  oxidation  of 
Homc  other  group  within  the  same  njoiecule  is  not  confined  to  the  nitro 
aromatic  aldehychw,  but  appears  also  in  th<'  case  of  nitrobc^nzoi.  This 
sulwtance  iH  firHt  oxidized  in  the  p-positiou  to  form  p-nitrophenol. 
The  nitro  group  Ih  then  reduced  to  an  amino  group  yielding  p-amino- 
phenol  OH  an  end  product  (72). 
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If,  however,  m-nitrophenol  (8)  is  fed  to  rabbits,  only  a  portion  of  it  is 
reduced  to  m-aminophenol.  Much  more  striking,  however,  is  the  case 
of  o-nitrophenol  which  is  excreted  by  rabbits  unchanged.  Picric  acid 
(2,4,6-trinitrophenol),  according  to  some  authors  (85)  is  excreted  merely 
combined  with  sulphuric  acid,  while  according  to  others  (4),  a  reduction 
takes  place  and  the  substance  appears  as  picramic  acid: 
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Picric  Acid.  Picramic  Acid. 

Perhaps  the  most  remarkable  case  of  reduction  ever  observed  was 
that  noted  by  Hoppe-Seyler  (40),  who  fed  to  rabbits  o-nitrophenyl- 
propiolic  acid  and  found  in  the  urine  a  substance  identical  with  urinary 
indican,  i.e.,  as  a  compound  of  indoxyl  with  either  potassium  hydrogen 
sulphate  or  glycuronic  acid.  The  reaction  is  apparently  that  repre- 
sented below,  namely,  a  reduction  of  the  nitro  to  an  amino  group  and 
also  a  reduction  in  the  side  chain  with  the  formation  of  o-aminoacrylic 
acid,  then  a  closing  of  the  ring  resulting  in  the  formation  of  indol.  This 
compound  thereupon  loses  carbon  dioxide  and  is  oxidized  to  indoxyl, 
which  is  then  conjugated  with  potassium  hydrogen  sulphate  and  excreted 
as  indican. 
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Deamination.  Hydrolytic  or  oxidative  deamination  of  foreign  or- 
ganic molecules  takes  place  in  the  animal  body  in  much  the  same  way 
as  the  reaction  pictured  for  the  cleavage  of  the  amino  group  in  the 
o-amino  acids  resulting  from  protein  hydrolysis.  Abdcrhaldcn  and 
Massini  (2)  have  shown  that  p-aminotyrosine  leads  to  an  increase  in 
the  homogentisic  acid  excreted  by  alkaptonuric  patients.  This  necessi- 
tates the  hydrolysis  of  the  amino  group  in  the  aromatic  nucleus  with 
the  formation  of  a  p-hydroxy-compound  as  well  as  a  partial  decomposi- 
tion of  the  chain. 
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We  saw  previously  that  an  amino  group  in  the  side  chain  may  be 
removed  by  hydrolysis  with  or  without  subsequent  reduction  of  the 
chain,  for  both  phenylglyS^^nc  and  phenylacetic  acids  were  found  in 
the  urine  after  feeding  phenylglycine  (phenylaminoacetic  acid). 
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I  I  I 

/^\  ^^\  X\ 

HC  CH  HC  CH  HC  CH 

I  II      +HOH->       I  II      +H,  -^       !  II 

HC  CH  HC  CH  HC  CH 

V^  V/^  V/" 

I  I  I 

H  H  H 

Phenylglycine.  Phenylglyoxylic  Acid.        Phenylacetic  Acid. 

The  hydrolysis  of  the  amino  group,  however,  is  not  confined  to  those 
cases  in  which  the  amino  group  occupies  the  a-position,  as  is  evidenced 
by  the  fact  that  a-/3-diaminopropionic  acid  is  converted  into  the  cor- 
responding dihydroxy  acid  (68) : 

CH2NH2.CH.NH2COOH  +  2H0H    — >    CH2OH. CHOH-COOH  +  2NH, 
a-/3-Diaminopropionic  Acid  a-/3-Dihydroxypropionic  Acid. 

After  the  action  of  putrefactive  bacteria  on  proteins  and  protein  de- 
composition products  in  the  gastro-intestinal  tract,  the  a-amino  acids 
may  be  decarboxylated,  i.e.,  attacked  in  such  a  way  that  they  lose 
carbon  dioxide  from  the  carboxyl  (-COOH)  group,  and  thus  be  con- 
verted into  the  corresponding  amine: 

CHjNHrCOOH    -^    CH3NH2  +  CO, 
Glycocoll.  Methylamine. 

Among  these  amines  are  substances  which  exert  a  decided  effect  upon 
blood  pressure,  such  as  histamine  and  tyramine,  and  are  therefore  con- 
sidered as  very  toxic  substances.  They  may  perhaps  even  be  the  cause 
of  arterio-sclerosis  and  subsequently  one  of  the  prime  factors  in  pro- 
ducing old  age. 
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Tyrosine.  Tyramine. 

The  work  of  Guggenheim  and  Loeffler  (36)  has  enlightened  us  somewhat 
on  this  point,  demonstrating  that  these  substances  may  be  taken  in 
relatively  large  doses,  0.25  gram  or  more,  without  decided  physiological 
effects.  The  investigators  were  able  to  show  at  the  same  time  that  these 
toxic  amines  are  rapidly  detoxicated  in  the  animal  body  by  a  simple 
cleavage  of  the  amino  group,  perhaps  by  hydrolysis,  yielding  the  cor- 
responding alcohol,  or  by  reduction  yielding  the  hydrocarbon. 

R-CH,CHjNH2  +  H0H    ->    RCHs-CHjOH  +  NH, 
Substituted  Amine.  Substituted  Alcohol. 

R.CHjCHjNHj  +  H,    -►    R-CHjCH,  +  NH, 
Substituted  Amine.  Hydrocarbon. 

In  some  cases  alcohols  were  isolated  after  feeding  the  amines,  showing 
the  actual  formation  of  the  alcohols  as  intermediary  products,  but  in 
most  cases  the  oxidation  proceeded  further,  yielding  a  corresponding 
acid.  Thus  phenylethylamine  gives  phenylacetic  acid,  probably 
passing  through  the  intermediary  metabolic  forms  of  phcnylcthyl 
alcohol  and  phenylacetaldehyde,  for  both  of  these  compounds  yield 
phenylacetic  acid  when  fed  by  themselves,  although  phenylethane, 
CeHt'CHj-CHj,  is  oxidized  to  benzoic  acid. 

CH,.CH,NH,  CH,CH,OH  CH,CHO 

I  I  I 

/^\  /\  /^\ 

HC  CH  HC  CH  HC  CH 

II  I  +HOH    -►      II  I  +0  -♦      II  I       +0    -► 

HC  CH  HC  CH  HC  CH 

\/  \/  N/ 

I  I  I 

H  ir  It 

Pheoylothyl-amind.  Plicnyl<'t)ivl-ril.'..)Mi1  T'lK'nytMrolnMotiydo. 
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CHj.COOH 

I 

HC  CH 

II  I 

HC  CH 

I 
H 

Phenylacetic  acid. 

Similarly  it  was  found  that  isovaleric  acid  was  formed  from  amylamine, 
p-hydroxyphenylacetic  acid  from  p-hydroxyphenylethylamine  (tyra- 
mine),  and  indolacetic  acid  from  indolethylamine.  Histamine  very 
likely  undergoes  a  like  change  but  no  /3-imidazoleacetic  acid  was  identi- 
fied in  the  urine. 

Synthetic  reactions.  In  a  few  cases  foreign  organic  compounds 
enter  the  animal  body  and  are  rapidly  excreted  without  undergoing 
chemical  change.  These  cases,  however,  are  relatively  few  and  it  will 
be  found  invariably  that  the  substance  is  non-toxic  and  quite  soluble. 
If  the  foreign  molecule  cannot  be  destroyed  entirely  or  even  partially 
and  still  retains  after  partial  demolition  some  of  its  toxic  properties, 
the  only  recourse  left  to  the  body  is  a  synthetic  type  of  reaction.  This 
it  accomplishes  by  attaching  to  the  foreign  substance  an  amino  or 
methyl  group  or  by  conjugating  it  with  a  second  molecule  such  as 
glycocoll,  glutamine  or  ornithin.  In  this  way  not  only  is  toxicity  re- 
duced or  destroyed,  but  solubility  is  simultaneously  increased,  enabling 
the  body  to  excrete  the  product  with  ease  and  rapidity.  There  are 
cases,  too,  where  a  given  substance  is  conjugated  partly  with  one  com- 
pound and  partly  with  another.  This  is  true,  for  example,  of  phenol 
which,  after  ingestion,  is  excreted  not  only  as  a  sulphuric  acid  conjugate 
but  also  as  a  glycuronate  and  even  to  some  extent  in  the  free  state. 
This  is  perhaps  the  foundation  of  the  erroneous  opinion  often  expressed 
in  textbooks  that  conjugation  is  effected  with  one  of  these  detoxicat- 
ing  agents,  such  as  glycocoll,  for  the  purpose  of  protecting  the  foreign 
substance  against  further  oxidation,  for  otherwise  the  intruder  might 
be  excreted  uncombined.  Upon  examining  a  case  of  this  kind  one 
finds,  for  example,  that  after  a  certain  compound  is  ingested  65  to  75 
per  cent  of  it  has  been  excreted  in  combination,  let  us  say,  with  glycur- 
onic  acid,  while  the  remainder  has  apparently  disappeared.  Thereupon 
the  inference  is  drawn  that  the  25  to  35  per  cent  of  the  substance 
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unaccounted  for  has  been  oxidized  in  the  organism  and  that  only  by  con- 
jugation has  the  other  part  been  saved  from  this  fate.  The  truth  of  the 
matter  is,  however,  that  the  body  has  conjugated  this  foreign  molecule 
with  glycuronic  acid  only  after  a  futile  attempt  to  oxidize  it,  and  that 
the  25  to  35  per  cent  had  escaped  detection  either  because  of  some  other 
channel  of  elimination  or  on  account  of  a  different  form  of  conjugation. 
In  fact,  the  recovery  of  65  to  75  per  cent  of  many  of  these  substances 
may  be  considered  "almost  quantitative." 

Dakin  (17)  has  shown  experimentally  that  phenylpropionic  acid, 
CeHsCHa-CHj-COOH,  cinnamic  acid,  CeHB-CHCH-COOH,  and 
/3-phenyl-/3-hydroxypropionic  acid,  C6H5-CHOH-CH2-COOH,  which 
are  more  or  less  poisonous  in  themselves,  are  rendered  non-toxic  when 
combined  with  glycocoll.  Phenylpropionic  acid  when  administered 
to  cats  in  doses  so  small  as  0.8  gram  per  kilo  of  body  weight  caused 
death  in  40  to  60  hours,  while  phenylpropionylglycocoU  in  doses  as 
large  as  1.5  grams  per  kilo  body  weight  proved  entirely  non-toxic. 

Berczeller  (10)  has  recently  suggested  an  explanation  for  certain 
conjugation  products  from  a  physico-chemical  point  of  view.  He 
believes  that  the  compounds  which  are  susceptible  of  conjugation  in  this 
way  are  those  which  increase  the  surface  tension  of  the  liquid  in  which 
they  are  dissolved,  while  the  conjugation  product  has  less  if  any  effect 
of  this  kind.  Benzoic  acid  lowered  the  surface  tension  of  the  solution 
very  decidedly,  while  hippuric  acid  produced  no  such  effect.  JMenthol 
likewise  caused  a  marked  depression  of  the  surface  tension.  Its  de- 
toxication  product,  menthol-glycuronic  acid,  however,  had  much  less 
effect,  and  the  salt  of  the  glycuronic  acid  compound  still  loss.  Phenol 
exerted  the  same  influence  as  menthol,  while  phenol-sulphuric  acid  and 
the  two  oxidation  products  of  phenol,  namely,  pyrocatechol  and  hydro- 
quinone,  acted  like  menthol-glycuronic  acid  and  the  salt  of  the  latter, 
respectively.  It  is  interesting  to  note  that  glycocoll  itself  was  found  to 
be  inactive  in  this  regard.  The  observations  of  Berczeller  are  in- 
structive and  no  doubt  vahial)l(',  but  serious  coiniilications  arise  wlien 
wc  reflect  that  a  given  compound  fed  to  half  a  dozen  difTncnl  niiiiuMls 
is  detoxicatod  in  as  many  different  ways. 

In  general  it  would  seem  that  a  compound  incupiihle  of  complete 
oxidation  is  usually  converted  into  an  alcohol  or  an  acid.  In  the  for- 
mer case  there  are  two  main  poHsibilities  of  detoxication,  namely,  in 
the  formation  of  an  ethereal  sulphate  or  of  a  glycuronate.  In  the 
case  of  the  aciil,  conjugation  in  usually  effected  wtih  one  of  the  amino- 
acida,  such  as  glycocoll,  glutamine  or  ornithin.     Reduction  is  generally 
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met  with  in  connection  with  nitro  compounds  which  are  thus  converted 
into  amines  and  subsequently  often  acetylated.  As  it  is  impossible 
to  consider  the  behavior  of  the  individual  toxic  substances  it  would 
seem  most  logical  to  take  up  a  short  discussion  of  the  several  detoxi- 
cating  agents  furnished  by  the  body. 

Glycocoll.  We  have  previously  seen  that  aromatic  derivatives  of 
the  fatty  acids  containing  an  odd  number  of  carbon  atoms  in  the 
side  chain  are  oxidized  to  benzoic  acid  while  those  with  an  even  number 
of  carbons  are  converted  into  phenylacetic  acid.  Benzoic  acid  is 
paired  with  glycocoll  by  the  human  being,  bj^  the  horse,  cow,  dog,  cat, 
and  in  fact  by  every  vertebrate  thus  far  used  for  experimentation 
with  the  exception  of  the  fowl  (61),  (106). 

O  H  H  OH 

I!  II  II         I 

C-OH         H-N-CCOOH   -^  C NCHrCOOH 

I  I  I 

HC  CH  HC  CH 

II  I     +  II  I  +HOH 

HC  CH  HC  CH 

I  I 

H  H 

Benzoic  acid.  Glycocoll.  Hippuric  acid. 

Not  only  is  benzoic  acid  itself  combined  in  this  way  with  glycocoll 
but  most  of  the  derivates  of  benzoic  acid  such  as  the  o-  and  m-chlor, 
the  m-brom,  the  o-,  m-  and  p-flour,  and  the  m-  and  p-nitro  compounds 
as  well  as  the  three  hydroxy  benzoic  acids  are  subjected  to  a  similar 
fate.  Phenylacetic  acid  is  treated  in  a  like  manner  in  the  organisms  of 
the  dog  (87),  (88)  and  cat  (89)  but  not  so  in  that  of  man  or  fowl.  The 
same  holds  for  certain  derivatives  of  phenylacetic  acid,  namely  for 
those  compounds  resulting  from  substitutions  in  the  nucleus  (30) 
such  as  the  p-chlor,  p-brom  and  p-iodo  compounds.  When  the  sub- 
stitutions are  made  in  the  side  chain,  however,  as  in  the  case  of  phenyl- 
aminoacetic  acid,  mandelic  acid  or  phenjdgly collie  acid  no  conjuga- 
tion takes  place.  /3-Naphthoic  acid,  a  double  ring  structure,  also 
combines  with  glycocoll  to  some  extent  (15).  A  great  variety  of  acids 
combine  in  this  way  with  aminoacetic  acid.  Two  rather  unusual 
examples  are  those  of  furfural  and  thiophenealdehyde.     As  will  be 
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seen  below,  furfural  (furfuraldehyde)  (49)  is  first  oxidized  to  pyromucic 
acid  and  this  in  turn  combined  with  glycocoll.  A  similar  reaction  is 
undergone  by  thiophenealdehyde  (14). 

HC CH  HC CH  H 

II  II  -      II  II  I 

HC  C-CHO+0         HC  CCOOH  +  H-N-CHj-COOH  -» 

N)/  \o/ 

Furfuraldehyde.  Pyromucic  acid. 

HC CH  O  H 

II  II      II    I 

HC  C— C-N-CHj-COOH 

\>/ 

Pyromucylglycocoll. 

The  discovery  of  this  means  of  detoxication  about  1825  attributed  to 
Wohler  and  noted  first  in  the  case  of  benzoic  acid  was  probabty  the 
earliest  proof  that  syntheses  of  this  type  could  take  place  in  the  animal 
body.  For  many  years  thereafter  it  was  thought  that  the  organism 
merely  made  use  of  supplies  of  glycocoll  which  it  was  holding,  as  it  were, 
in  reserve,  and  that  this  ready  material  was  simply  joined  on  to  benzoic 
acid  by  a  "dehydration  reaction."  When  it  was  found,  however,  that 
glycocoll  could  not  be  stored  in  the  body  and  that  the  organism  could 
still  provide  it,  and  this  in  relatively  large  amounts,  even  when  the 
glycocoll  intake  was  cut  off  as  in  the  case  of  an  animal  a  non-protein 
diet  or  during  a  fast,  it  then  became  evident  that  the  body  must  pre- 
pare this  compound  when  required  for  detoxication  purposes.  Ringer 
found  that  a  goat  might  take  25  grams  of  benzoic  acid  per  day  and  ex- 
crete it  as  hippuric  acid  (83).  Magnus-Levy  (64)  noted  that  27.8  per 
cent  of  the  urinary  nitrogen  excreted  by  sheep  and  rabbits  after  in- 
gesting benzoic  acid  niigiit  appear  in  the  form  of  hippuric  acid  nitrogen; 
Wiochowski  (105)  observcMJ  that  this  might  run  as  liigh  as  50  per  cent. 
Uiriger  exproHsed  the  belief  that  under  conditions  of  benzoic  acid  feed- 
ing the  glycocoll  is  formed  from  "extra  destroyed  protein."  He  is 
inclined  to  think,  however,  that  it  arises  by  a  specific  and  peculiar  cata- 
bolic  process  rather  than  from  a  product  of  noiinal  intermediary 
metabolism.  Kpstcin  and  Hookman  (20)  conclude  from  their  work 
on  rabbits  that  benzoic  acid  exerts  a  truly  toxic  effect  upon  the  organism 
but  nj'tirig  in  a  certain  selective  way  causes  the  elimination  of  much 
larger  uinouritK  of  nitrogen  than  are  ordinarily  excreted,  which  nitro- 
gen run  be  almost  entirely  accomited  for  as  hippuric  acid  nitrogen. 
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It  has  been  suggested  by  many  writers  that  hippuric  acid  might 
arise  from  a  secondary  reaction  following  the  primary  combination  of 
benzoic  acid  with  one  of  the  long  chain  amino  acids  such  as  leucine, 
and  that  this  benzoylleucine  might  then  undergo  a  cleavage  resulting 
in  the  formation  of  a  glycine  rest  attached  to  the  benzoyl  radical : 


CH3 — (0112)3 


H  H 

I  I 

-C N— OC-CeHj    -H>    CHiCO-NHCHrCOOH 


COOH 
Benzoylleucine.  Benzoylglycine. 

In  order  to  test  this  hypothesis,  Magnus-Levy  (65)  benzoylated  ten 
of  the  amino  acids,  namely,  alanine,  serine,  valine,  leucine,  phenylala- 
nine, aspartic  acid,  glutamic  acid  and  ornithin.  He  then  injected  them 
subcutaneously  using  a  dog  as  the  experimental  animal.  In  each  case 
he  recovered  the  original  substance  from  the  urine  and  this  in  such 
large  amounts  that  there  was  no  ground  to  believe  that  even  a  fraction 
of  any  of  the  compounds  had  been  split  in  the  animal  organism.  The 
work  was  to  some  extent  repeated  by  Shiple  and  Sherwin  (96)  who 
prepared  phenylacetyl  compounds  of  alanine,  leucine,  glut  amine,  as- 
paragine,  glutamic  acid,  as]partic  acid  and  ornithin  and  fed  them  to 
both  men  and  animals.  The  results,  however,  were  much  the  same  as 
those  of  the  former  investigator. 

Knoop  (54)  suggests  the  possible  formation  of  glycocoll  from  the 
oxidation  of  a:-amino-/3-hydroxy  acids,  RCHOH-CHNHo-COOH,  in- 
asmuch as  phenylserine,  C6H5'CHOH-CHNH2-COOH,  is  incompletely 
oxidized  in  the  organism  and  yields  hippuric  acid.  .Other  experi- 
mental evidence,  however,  is  lacking.  We  must  agree,  therefore,  with 
Lusk  (62)  that  "these  experiments  are  a  further  demonstration  that  in 
the  breaking  down  of  amino  acids  deamination  is  the  first  step,  and  they 
leave  no  conclusion  open  other  than  that  glycocoll  arises  by  a  synthetic 
process." 

McCollum  and  Hoagland  (69)  have  shown  by  a  series  of  remarkable 
experiments  that  when  a  pig  was  reduced  to  a  condition  of  minimal 
nitrogen  metabolism  by  a  carbohydrate  diet  (75  cal.  per  kilo)  and  at 
the  same  time  was  fed  increasingly  large  doses  of  benzoic  acid,  as  long 
as  the  dose  did  not  exceed  0.2  gram  per  kilo  there  was  no  increase  in 
protein  catabolism  as  evidenced  by  the  constancy  in  the  daily  total 
nitrogen  output.     Furthermore,  there  was  but  little  alteration  in  the 
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various  nitrogenous  constitutents  of  the  urine  with  the  exception  of 
urea  which,  very  interesting  to  note,  could  be  reduced  from  56  per 
cent  of  the  total  nitrogen  to  19  per  cent.  When  amounts  of  benzoic 
acid  larger  than  0.2  gram  per  kilo  were  fed  there  was  a  decided  increase 
in  the  output  of  total  nitrogen,  much  in  excess  of  the  amount  required 
for  hippuric  acid.  This  shows  no  more  than  that  37  per  cent  of  the 
total  nitrogen  which  ordinarily  goes  to  form  urea  may  under  these 
conditions  be  side-tracked  to  form  glycocoll.  It  tells  us  nothing, 
however,  concerning  the  mechanism  of  the  reaction.  The  work  has 
been  corroborated  by  Lewis  (60)  who  fed  benzoic  acid  to  human  beings 
maintained  on  a  low  protein  diet,  and  by  Shiple  and  Sherwin  (98) 
who  reduced  a  human  being  to  a  level  of  endogenous  protein  metabolism 
and  were  able  to  show  that  glycocoll  could  be  formed  at  the  expense  of 
the  urea  nitrogen  without  increasing  the  amount  of  total  nitrogen 
excreted. 

Various  attempts  have  been  made  to  explain  the  formation  of  glycocoll 
by  the  interaction  of  ammonia  with  acetaldehyde,  CHs-CHO,  glyoxal, 
CHO-CHO,  or  glycolaldehyde,  CHaOH-CHO,  all  of  which  may  be 
considered  as  decomposition  products  of  carbohydrates.  So  far,  how- 
ever, the  results  have  been  unsatisfactory'.  Delprat  and  Whipple  in  a 
very  recent  contribution  (22)  showed  that  after  injecting  benzoic  acid  into 
the  circulation  of  fasting  dogs  there  was  a  definite  rise  in  urea,  ammonia, 
and  total  nitrogen,  provided  a  certain  dosage  had  not  been  exceodotl. 
This  was  certainly  to  be  expected  since  the  demand  for  glycocoll  was 
extremely  acute  and  the  toxicity  of  the  benzoic  acid,  therefore,  in- 
creased many  times.  Moreover,  it  is  impossible  to  compare  the  re- 
sults on  fasting  animals  with  those  obtained  when  the  animals  have 
been  supplied  \vith  sufficient  food  calories  in  the  form  of  carbohydrates. 

From  this  one  hundred  years  of  experimental  work  we  have  learned 
that  glycocoll  can  be  buih  in  relatively  large  amounts  by  the  body  even 
under  practically  any  pathological  condition.  Moreover,  the  synthesis 
proceeds  as  well  during  a  fast  or  under  abnormal  diet  as  when  the  ordi- 
nary food  has  been  ingested.  Tlie.se  results  may  be  far  reaching  and  im- 
portant since  several  proteins  and  particularly  the  proteins  of  milk 
are  entirely  lacking  in  this  amino  acid. 

OUNlTirTN.  Previous  work  has  shown  that  most  of  the  animals  coni- 
monly  used  in  experiments  supply  glycocoll  for  the  detoxication 
of  many  of  the  aromatic  acids  such  jts  benzoic  and  jihenyhicetic  acids 
M  well  as  various  of  their  derivatives.  .IalT(j  (41)  however,  after  feed- 
ing benioic  acid  to  hens  was  unable  to  isolate  hii)pin-ic  acid  from  the 
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excreta,  but  obtained  instead  a  rather  unstable  compound  which  he 
called  ornithuric  acid.  This  substance,  later  found  to  consist  of  orni- 
thin,  CHsNHgCHz-CHz-CHNHz-COOH,  combined  with  two  mole- 
cules of  benzoic  acid  has  the  following  structure : 

OH  HO 

in  I  II 

CHs.CN.CHfCHrCHj.CH.N.CCsHi 

I 
HO— C:0 

It  has  since  been  found  that  phenylacetic  acid  (103),  as  well  as  p-nitro- 
phenylacetic  acid  and  pyromucic  acid  (94),  (50), combine  with  ornithin 
to  form  compounds  analogous  to  ornithuric  acid.  In  fact  no  case  has 
yet  been  observed  in  which  glycocoll  is  employed  in  the  organism  of  the 
bird  for  conjugation  purposes.  It  is  quite  reasonable  to  conclude, 
therefore,  either  that  birds  have  no  glycocoll  at  their  disposal  or,  if 
they  have,  that  they  are  not  able  to  conjugate  it  with  the  various 
compounds  that  have  been  fed.  To  test  this  assumption  Yoshikawa 
(107)  fed  benzoic  acid  to  hens  and  at  the  same  time  added  glycocoll  to 
the  diet  in  more  than  sufficient  amounts  for  combination.  No  glycocoll 
compound,  however,  was  found  in  the  excreta.  Only  the  ornithin 
conjugate  appeared,  the  glycocoll  apparently  having  been  burned  in 
the  organism.  Furthermore,  present  evidence  is  lacking  both  of  the 
formation  of  glycuronates  and  sulphates  as  well  as  of  acetylation. 
The  only  synthetic  process  open  to  the  fowl,  therefore,  for  detoxication 
of  foreign  organic  compounds,  be  they  acids  or  alcohols,  is  so  far  as  we 
know  that  accomplished  by  means  of  ornithin. 

Ornithin  is  one  of  the  components  of  the  a-amino  acid  arginine, 
HoN  •  CNH  •  NH  •  CHa  •  CHo  •  CHa  •  CHNHa  •  COOH.  It  seems  very  prob- 
able, therefore,  that  it  is  formed  from  arginine  when  for  example  birds 
are  fed  benzoic  acid.  Under  normal  conditions,  however,  the  arginine 
and  consequently  the  ornithin  would  be  completely  destroyed  during 
the  processes  of  metabolism.  If  this  be  true,  it  gives  us  an  important 
bit  of  information  regarding  the  intermediary  metabolism  of  arginine, 
though  it  also  confronts  us  with  a  very  important  question  as  to  the 
possibilities  of  the  synthesis  of  this  amino  acid  in  the  body  of  the  fowl. 
The  only  evidence  we  have  on  this  latter  point  is  that  furnished  by 
Thomas  (102)  who  administered  benzoic  acid  to  birds  maintained  on  a 
non-protein  diet  but  was  unable  to  find  ornithuric  acid  in  the  urine.  He 
found  small  amounts  after  adding  to  the  diet  edestin  which  contains 
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large  amounts  of  arginine.  It  would  seem  therefore,  that  arginine  and 
consequently  ornithin  is  not  synthesized  in  the  organism  of  the  fowl  at 
the  expense  of  any  of  the  nitrogenous  urinary  constituents.  Since 
uric  acid  is  the  only  substance  that  is  present  in  sufficient  amount  to 
furnish  the  necessary  nitrogen,  it  would  be  interesting  to  determine 
whether  under  well  controlled  conditions  of  experimentation  such  a 
transformation  is  possible.  Separation  of  the* urine  and  feces,  however, 
and  the  quantitative  determination  of  the  urinary  constituents  and  other 
untold  hardships  connected  with  this  problem  makes  such  an  investiga- 
tion well-nigh  impossible. 

Glutamine.  Benzoic  acid  in  the  organism  of  various  experimental 
animals  as  well  as  that  of  man  is  conjugated  with  glycocoll.  It  is 
rather  extraordinary,  therefore,  to  say  the  least,  that  phenylacetic  acid, 
the  homologue  of  benzoic,  should  combine  in  the  animal  body  with 
glycocoll  to  form  phenaceturic  acid,  but  in  the  case  of  the  human  being 
with  glutamine,  COOH-CHNH2-(CH2)2-CONH2,  to  form  phenylace- 
tylglutamine,  together  with  some  phenylacetylglutamine  urea,  the  latter 
apparently  a  simple  addition  product  with  urea  (101).  Still  more 
remarkable,  however,  is  the  fact  that  o-nitrophenylacetic,  o-amino- 
phenylacetic,  p-nitrophenylacetic,  p-aminophenylacetic  and  p-hydroxy- 
phenylacetic  acids  pass  through  the  human  body  absolutely  unconju- 
gated. The  p-chlor  compound  is  the  only  one  of  these  derivatives  so 
far  examined  that  probably  combines  with  glutamine.  None  of  these 
substances  combine  with  glycocoll  in  the  human  body,  while  only  the 
p-chlor  (42),  p-hydroxy  and  p-nitro  phenylacetic  acids  have  thus  far  been 
found  to  combine  with  that  substance  in  the  organism  of  any  of  the 
lower  animals.  All  the  others  so  far  examined  pass  through  uncom- 
bined  except  o-aminophenylacetic  acid  which  is  acetylated  by  the  nibhit. 

It  wa«  at  first  thought  that  the  phenylacetic  molecule  was  first 
combined  with  ghitamic  arid  which  product  was  secondarily  changed 
into  glutamine  by  the  addition  of  the  amide  group.  The  feeding  of 
phenylacctylglutamic  acid,  however,  resulted  in  its  excretion  without 
the  formation  of  phenylacetylghitanu'nc.  We  have  here  anotlier  case  of 
an  amino  acid,  glutamine,  which  it  is  po.sBiblo  to  withdraw  intact  from 
the  protoplanm  of  the  living  cell  without  its  conversion  into  a  secondary 
or  derived  i)n)(hict.  This  furnishes  the  proof  wliicli  for  a  long  iiino  was 
wanting  that  glutamine  rather  than  glutamic  acid  inusi  he  considered 
the  true  form  of  this  -amino  acid.  Moreover,  it  explains  the  genesis 
of  mcwt  of  the  ammonia  which  always  appears  when  proteins  are  hydro- 
lyced  in  acid  media. 
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Glutamine  like  glycocoll  can  be  furnished  in  fairly  large  amounts  for 
the  detoxication  of  phenylaeetic  acid  (97),  and  like  glycocoll  it  may  be 
synthesized  at  the  expense  of  the  urea  nitrogep  (98).  A  man  was  placed 
on  a  suitable  strictly  carbohydrate  diet  and  thus  reduced  to  a  condition 
of  endogenous  protein  metabohsm.  He  then  ingested  on  alternate 
days  benzoic  and  phenylaeetic  acids.  The  synthesis  of  glycocoll  and 
glutamine  was  accomplished  at  the  expense  of  the  urea  nitrogen  ap- 
parently with  great  ease  in  each  case.  When  benzoic  and  phenylaeetic 
acids  were  fed  together,  necessitating,  therefore,  the  simultaneous 
preparation  of  glycocoll  and  glutamine,  each  aromatic  acid  was  detoxi- 
cated  and  excreted  at  much  the  same  rate  as  if  it  alone  had  been  ingested. 
It  was  possible  to  lower  the  urea  nitrogen  from  about  GO  per  cent  of  the 
total  24-hour  output  of  nitrogen  to  about  18  to  20  per  cent  of  the  total. 
During  a  fraction  of  a  day,  however,  after  10  grams  of  phenylaeetic  acid 
had  been  taken,  this  urea  nitrogen  was  reduced  to  12  per  cent  of  the 
total  nitrogen  for  that  period.  It  was  hoped  for  a  time  that  a  solution 
might  be  found  in  these  results  as  to  the  source  of  glycocoll  in  the 
animal  body.  For  it  was  just  possible  that  glutamine  which  is  joined 
with  phenylaeetic  acid  and  excreted  as  phenylacetylglutamine  bj' 
human  beings,  might  in  the  organisms  of  the  lower  animals  be  an  in- 
termediary product  which  would  be  subject  to  further  oxidation  and 
appear,  for  example,  as  phenylacetylglycocoll.  Accordingly  phenyl- 
acetylglutamine was  prepared  and  fed  to  dogs,  cats  and  rabbits,  but 
in  each  case  it  was  excreted  without  undergoing  any  transformation  into 
phenaceturic  acid.  It  was  also  fed  to  chickens  to  see  what  influence 
it  might  have  on  ornithine  formation,  but  again  it  was  excreted  without 
alteration  of  any  kind. 
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Similarly  phenaceturic  acid  when  fed  to  human  beings  failed  to  undergo 
synthesis  into  phenylacetj'lglutamine.  Nor  was  it  altered  when  fed 
to  chickens,  but  was  simply  excreted  in  each  case  as  the  sodium  salt 
of  the  acid.  Likewise  ornithuric  acid  when  fed  to  men  and  dogs  failed 
to  form  the  phenylacetic  acid  detoxication  products  common  to  these 
subjects.  The  results  of  work  with  other  phenylacetylated  amino 
acids,  namely,  alanine,  leucine,  asparagine,  aspartic  acid  and  glutamic 
acid  were  all  negative,  for  when  these  compounds  were  fed  to  various 
animals  they  were  always  recovered  from  the  urine  unchanged.  It 
seems  most  probable,  therefore,  that  neither  benzoylated  nor  phenyl- 
acetylated amino  acids  are  open  to  alteration  of  any  kind  in  the  animal 
body. 

Cysteine.  The  fourth  amino  acid  to  be  used  by  the  body  for  de- 
toxication work  is  cysteine,  CH2SH-CHNH2'COOH.  It  was  found 
both  by  JafT6  (45)  and  by  Baumann  and  Preusse  (9)  that  brombenzol, 
chlorbenzol  and  iodobenzol,  when  fed  to  dogs,  is  excreted  in  the  urine 
as  a  sulphur-containing  compound  known  as  a  mercapturic  acid. 
Analysis  of  the  substance  showed  it  to  be  a  combination  of  the  benzol 
halide  with  an  acetylated  cysteine  molecule.  This  whole  compound, 
then,  more  than  likely,  conjugates  with  glycuronic  acid.  The  reaction 
which  takes  place  is  probably  the  following : 
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The  first  step  in  the  reaction  is  the  oxidation  of  brombenzol  in  the 
para  position  to  p-bromphenol,  which  then  combines  through  its  -OH 
group  with  the  -SH  of  cysteine  to  form  p-bromphenyl  cysteine.  This 
compound  is  then  joined  through  its  amino  group  with  a  molecule  of 
acetic  acid,  resulting  in  the  synthesis  of  a-aminoacetyl  /3-thio  p-brom- 
phenyl propionic  acid,  i.e.,  p-bromphenyl  mercapturic  acid.  Only  in 
the  case  of  dogs  has  the  formation  of  this  compound  been  established. 
The  partition  of  sulphur  in  the  urine  of  human  beings  and  rabbits, 
however,  after  feeding  the  mono-halogen  benzol  derivatives,  seems  to 
indicate  the  presence  of  the  mercapturic  acid,  though  none  has  so  far 
been  isolated.  The  chlor-  and  brom-naphthalenes  form  a  corresponding 
mercapturic  acid  to  some  extent.  The  p-brom-  and  p-chlor-  phenols, 
however,  strange  to  say,  are  excreted  in  combination  with  sulphuric 
acid  (58).  As  cysteine  is  quite  easily  oxidized  to  cystine  it  is  still 
questionable  whether  cystin  or  cysteine  is  the  form  in  which  this 
sulphur  containing  amino  acid  exists  in  the  protein  molecule.  It  is 
not  at  all  improbable  that  both  forms  exist  there.  If  cystine  be  the 
primary  form,  as  is  generally  accepted,  then  we  have  the  proof  in  the 
above  mentioned  results  that  cysteine  is  at  any  rate  a  very  active 
intermediary  product  in  body  metabolism. 

Upon  a  second  consideration  of  the  equations  represented  above 
several  very  interesting  questions  arise. 

1.  Is  it  possible  for  cysteine  to  be  joined  in  the  original  protein  mole- 
cule through  groups  other  than  a  similar  -SH  radical? 

2.  Is  it  only  in  the  case  of  the  dog  that  the  mercapturic  acid  is  thus 
protected  against  the  oxidation  of  its  sulphur,  or  may  this  compound 
be  a  common  intermediary  product  of  metabolism  which  in  other 
animals  is  further  oxidized  and  excreted  as  p-brom-phenol-sulphuric 
acid? 

3.  What  is  the  significance  of  the  acetyl  radical  here?  Does  it 
hinder  or  help  further  oxidation  of  the  cysteine,  or  is  its  sole  purpose  to 
increase  solubility  and  decrease  the  toxicity  of  the  compound? 

4.  Is  it  possible  for  the  animal  body  actually  to  synthesize  cysteine 
for  this  purpose,  or  is  the  organism  limited  to  that  which  it  derives  from 
the  food  and  from  decomposition  of  body  tissue? 

At  the  present  time  there  is  insufficient  experimental  evidence  to 
answer  any  of  these  questions  except  the  last.  Kopfhammer  (57) 
in  studying  this  problem  fed  dogs  with  brombenzol  after  the  animals 
had  been  reduced  to  a  condition  of  minimal  nitrogen  metabolism.  He 
found  under  these  conditions  that  the  dogs  excreted  no  p-bromphenyl- 
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mercapturic  acid.  Apparently,  therefore,  they  were  unable  to  form  it 
on  a  non-pro t«in  diet.  He  again  fed  brombenzol  and  injected  the 
dogs  subcutaneously  with  a  solution  of  the  sodium  salt  of  cystine  at  the 
ratio  of  4  grams  cystine  for  each  gram  of  brombenzol  fed.  Thereupon 
the  animals  were  able  to  synthesize  bromphenylmercapturic  acid  in 
quantities  equal  to  the  amount  obtained  after  a  heavy  protein  diet 
containing  much  cystine.  There  is  no  doubt,  therefore,  that  it  is  an 
impossibility  for  the  animal  body  to  build  cysteine  and  subsequently 
cystine  when  both  sulphur  and  nitrogen  are  lacking.  It  would  still 
be  interesting  to  ascertain  whether  these  amino  acids  could  be  built 
at  the  expense  of  the  urea  nitrogen  when  sulphur  in  suitable  form  is 
supplied. 

Ethereal  sulphates.  It  was  previously  stated  that  when  a  foreign 
organic  bodj'  cannot  be  destroyed  through  complete  oxidation  there  is 
still  a  tendency  to  oxidize  it  as  far  as  possible  and  either  to  convert  it 
into  an  acid  that  it  might  be  combined  with  one  of  the  amino  acids, 
or  to  reduce  or  oxidize  it,  as  the  case  may  be,  into  a  hydroxy  compound 
or  alcohol.  In  this  latter  condition,  the  substance  is  open  to  combina- 
tion with  either  sulphuric  or  glycuronic  acid.  Though  there  are  certain 
compounds  which  combine  only  with  sulphuric  acid  or  only  with  gly- 
curonic acid,  still,  in  general,  the  substance  seems  able  to  combine  with 
either.  Apparently  the  first  tendency  is  to  conjugate  with  the  available 
sulphuric  acid.  Since  this  supply,  however,  is  ratherlimited,  combina- 
tion is  next  effected  with  glycuronic  acid. 

According  to  our  present  limited  knowledge  of  the  physiological 
chemistrj'^  of  sulphur,  thiis  element  may  occur  in  the  urine  in  three 
different  forms,  namely,  neutral  or  reduced  sulphur  and  the  two  kinds 
of  oxidized  sulphur,  i.e.,  inorganic  sulphates  and  ethereal  sulphates. 
Folin  (29)  has  pointed  out  that  the  amount  of  inorganic  sulphates  in 
the  urine  usually  runs  parallel  with  the  urea  output  and  may  therefore, 
well  be  considered  as  resulting  from  exogenous  metabolism,  i.e.,  from 
the  oxidation  of  the  cystine  in  the  food.  The  excretion  of  neutral 
sulphur,  however,  is  much  less  affected  by  the  amount  of  protein  in- 
gested and  therefore,  very  probably  is  derived  from  endogenous  metab- 
oliHm  or  from  the  broiik-down  of  body  tissue,  as  also  from  sulpimr 
existing  in  the  bile.  This  theory  is  supported  by  the  fact  that  when 
cystine  is  fed  it  is  chiefly  excreted  as  inorganic  sulphates  while  ingested 
taurine  app<>ar8  mostly  as  neutral  sulphur.  Tli(»  inorganics  sul|)hate8, 
conHiHting  of  sodium,  ammonium  and  pota.ssium  sulphates,  are  merely 
t\u'.  neutralization  prochicts  of  the  sulphuric  acid  formed  by  coniplete 
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oxidation  of  the  cystine  or  cysteine  present  in  food.  The  ethereal 
or  conjugated  sulphates,  finally,  are  organic  sulphates  of  the  nature 
of  an  ester,  resulting  from  the  union  of  an  alcohol  with  sulphuric  acid. 
As  an  example,  we  have  from  the  work  of  Baumann  and  Herter  (8) 
phenol-potassium-sulphate : 

O 

II 
OH  O— S— O— K 

I  I      II 

HC  CH      H.Ov      /yO  HC  CH 

I         II    +      >C      ->      I         II 

HC  CH      K'O^     ^O  HC  CH 

I  I 

H  H 

Phenol.  Potassium  Phenol-potassium- 

bisulphate.  sulphate. 

This  was  the  first  member  of  this  class  of  substances  to  be  studied, 
but  since  that  time  more  than  200  such  compounds  have  been  found. 
The  best  known  of  them  are  indican  (indoxyl-potassium-sulphate), 
cresol-potassium-sulphate  and  skatol  (skatoxyl-potassium-sulphate), 
which  are  the  detoxication  products  of  compounds  resulting  from  in- 
testinal putrefaction.  The  ethereal  sulphates  in  the  urine  amounting 
to  0.1  to  0.3  gram  per  day  form  roughly  10  per  cent  of  the  total  sulphate 
output. 

The  simplest  explanation  of  the  formation  of  ethereal  sulphates  is  no 
doubt  this,  that  they  arise  by  a  direct  combination  of  the  organic  base 
with  the  inorganic  acid  salt.  Thus  when  phenol  is  fed  in  small  quantities 
it  merely  joins  on  to  potassium  hydrogen  sulphate  before  the  second 
atom  of  potassium  combines  with  the  acid  salt  to  form  normal  potassium 
sulphate.  That  ethereal  sulphates  are  actually  formed  at  the  expense 
of  the  inorganic  sulphates  is  evidenced  by  the  fact  that  in  cases  of  phenol 
and  cresol  poisoning,  where  the  available  supply  of  sulphuric  acid  is 
insufficient  for  the  large  amount  of  poison  ingested,  the  entire  output 
of  oxidized  sulphur  appears  in  the  form  of  ethereal  sulphates  to  the  total 
exclusion  of  the  inorganic  portion.  Still,  that  is  not  the  only  explana- 
tion of  their  origin,  as  can  be  seen  from  the  following  facts.  When 
brombenzol  is  fed  much  of  it  is  eliminated  in  the  urine  in  combination 
with  an  acetj'lated  cysteine  molecule.     The  brombenzol,  it  is  believed, 
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is  first  oxidized  to  p-bromphenol,  which,  being  an  alcohol  should  combine 
with  sulphuric  acid  and  add  to  the  amount  of  ethereal  sulphates  ex- 
creted. As  a  matter  of  fact,  however,  combination  is  effected  in  this 
instance  through  the  reduced  sulphm-  group  of  cysteine.  Very  probably, 
therefore,  the  synthesis  of  bromphenylmercapturic  acid  represents  a 
step  in  the  intermediary  metabolism  of  cysteine.  Furthermore,  it  is 
very  likely  a  type  for  many  similar  cases,  with  this  one  difference,  that 
in  the  other  instances  the  resulting  compounds  appear  later  on  as 
ethereal  sulphates,  whereas  in  the  case  of  p-brom-phenyl-cysteine,  for 
some  reason  or  other,  oxidation  to  a  sulphate  is,  at  most,  only  partial. 
As  a  matter  of  fact,  it  has  been  found  that  after  feeding  brombenzol 
there  is  always  an  increase  of  600  to  1000  per  cent  in  the  output  of 
ethereal  sulphates  and  a  decided  decrease  in  the  amount  of  inorganic 
sulphates  excreted.  This  would  seem  to  indicate,  therefore,  that  pos- 
sibly some  of  the  bromphenylmercapturic  acid  had  been  oxidized  to 
p-bromphenylsulphuric  acid.  There  is  also  an  increase  in  neutral 
sulphur  after  feeding  brombenzol,  but  on  careful  perusal  of  the  data 
(35),  (67),  it  is  easily  seen  that  this  is  due  to  the  addition  of  the  mer- 
capturic  acid  sulphur  to  the  normal  quota  of  reduced  sulphur  and  that 
the  latter  is  not  really  affected  at  all. 

One  would  conclude  from  these  experiments  either  that  the  ethereal 
sulphates  are  directly  produced  at  the  expense  of  the  inorganic  sulphates 
by  forming  esters  with  sulphuric  acid  or  acid  sulphates  already  at  hand, 
or  that  they  arise  from  a  cysteine  conjugate.  In  the  latter  case  the 
resulting  compound,  the  analogue  of  bromphenylmercapturic  acid, 
would  undergo  oxidation  to  form  the  sulphates.  The  cysteine  for  this 
purpose  is  no  doubt  mostly  of  exogenous  origin,  for  mercapturic  acid 
can  not  be  synthesized  on  a  non-protein  diet.  One  might  be  led  to 
think  that  ethereal  sulphates  are  also  dependent  on  exogenous  cysteine 
for  their  formation.  Folin,  however,  has  shown  that  this  is  by  no 
means  the  case  for  he  found  that  the  decrease  in  the  ethereal  sulphate 
output  on  a  low  protein  diet  was  only  relative.  The  question  cannot 
be  fully  answered,  however,  without  taking  into  consideration  the 
sulphur  metabolism  of  the  bacteria  residing  in  the  intestinal  tract. 

Glycubonic  acid.  This  substance  is  found  in  combination  with  an 
almost  unlimited  number  of  cf)inpoun(ls,  but  when  the  matter  is  con- 
sidered as  a  whole,  it  is  seen  that  most  of  tliese  substances  contain  a 
hydroxyl  group  and  may  be  claflsed,  therefore,  as  aliphatic  or  aromatic 
alcohnln.  Primary  and  secondary  alcohols  are  quite  easily  conjugated 
with  glycuronic  acid,  for  which  rea.'^on  many  aldehydes  or  ketones  when 
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fed  are  excreted  in  this  form  of  combination  after  undergoing  a  re- 
duction to  their  corresponding  alcohols.  Although  some  of  the  primary 
and  secondary  alcohols  do  not  combine  with  glycuronic  acid,  practically 
all  the  tertiary  alcohols  appear  to  do  so  in  the  organism  of  the  rabbit. 

There  are  at  least  two  different  forms  of  glycuronic  acid  combina- 
tions and  present  indications  point  to  a  probable  third.  The  first  is  a 
glucoside  type  of  binding,  which  often  appears  as  pictured  l^elow  in  cases 
of  phenol  poisoning  (79)  (86). 
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The  second  or  ester  type  of  union  is  found  in  such  combinations  as  that 
formed  between  benzoic  and  glycuronic  acids  (47)  (64). 
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To  the  glucoside  type  belong  the  compounds  of  glycuronic  acid  with  the 
alcohols  and  phenols,  while  the  second  type  is  employed  in  the  case 
of  certain  toxic  organic  acids,  notably  benzoic  acid,  dimethylamino- 
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benzoic  acid,  salicylic  acid  and  very  likely  the  halogen  phenylmercap- 
turic  acids.  The  ester  tj^pe  of  glycuronates  reduces  Fehling's  solution, 
but  the  glucoside  type  will  effect  no  reduction  until  the  compound  has 
been  hydrolyzed.  The  glycuronic  acid,  which  is  in  itself  a  strong  re- 
ducing agent  by  virtue  of  its  aldehyde  group,  is  thus  set  free. 

There  is  still  much  difference  of  opinion  regarding  the  source  of 
glycuronic  acid,  as  to  whether  it  is  formed  from  glucose  and  if  so  whether 
it  is  a  normal  decomposition  product  of  that  substance,  or  whether  it 
originates  entirely  independently  of  glucose  metabolism.  It  is  rather 
unreasonable  to  suppose  that  this  carbohydrate-like  compound  should 
be  directly  synthesized  by  the  body  when  it  could  be  obtained  so  simply 
from  glucose.  On  the  other  hand,  it  seems  highly  improbable  that  it 
is  a  normal  catabolic  product  of  glucose  since  the  aldehyde  group,  which 
would  certainly  be  the  first  point  of  attack  when  the  glucose  molecule 
is  subjected  to  oxidation,  is  still  present  in  glycuronic  acid.  Further- 
more, the  fact  that  after  ingestion  of  large  amounts  of  glycuronic  acid 
we  find  gluconic  acid,  saccharic  acid  and  much  oxalic  acid  in  the  urine 
means  simply  this,  that  glycuronic  acid  is  oxidized  with  difficulty,  but 
does  not  indicate  that  it  is  a  normal  intermediary  pro(Kict  of  glucose 
catabolism.  Perhaps  the  most  plausible  explanation  of  the  origin  of 
glycuronic  acid  is  this,  that  a  union  is  effected  between  the  aldehyde 
group  of  glucose  and  the  foreign  molecule,  by  which  the  former  is 
protected  against  further  oxidation.  The  next  point  of  attack  then  is 
the  primary  alcohol  group  which  is  converted  accordingly  into  a 
carboxyl. 

A  mass  relationship  always  exists  between  sulphuric  acid  and  glycu- 
ronic acid  when  there  is  question  of  effecting  combination  with  the  aro- 
matic substances  which  arc  formed  in  intestinal  putrefaction.  If  the 
concentration  of  either  of  these  acids  is  increased  the  amount  of  con- 
jugation with  the  aromatic  poisons  will  be  vari(>d  in  the  din^-tion  of  the 
liigluT  concentration. 

AcETVLATioN.  Acetic  acid  not  infrequently,  plays  an  interesting 
and  perhaps  important  rAle  in  intermediary  metabolism.  The  usual 
tyiMj  of  reaction  into  which  it  enters  is  the  formation  of  an  acetylamino 
c6n)fM)un<l. 

.11 

+  HOOC.CH,    -»     R-NHOCClli  +  HOU 
U 


Under  tljo  treatment  of  reduction,  a  cose  of  acetylation  has  been  men- 
tioned in  whifh  acetylanjirjobenzoie  acid  was  formed.     Si  ill  another 
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case  was  that  of  the  formation  of  p-bromphenylmercapturic  acid. 
Knoop  and  Kertess  (55)  have  demonstrated  the  possibiHty  of  acetyla- 
tion  of  an  7-amino  acid  when  they  recovered  7-phenyl-a-acetylamino- 
butyric  acid  after  feeding  dl-7-phenyl-a-amino-butyric  acid.  Likewise 
dl-phenylaminoacetic  acid  is  excreted  to  some  extent  as  d-phenyl- 
acetylaminoacetic  acid  (78).  Perhaps  the  most  striking  case  of  the 
entrance  of  acetic  acid  into  one  of  these  reactions  was  that  reported  by 
Jaffe  and  Cohn  (49).  After  feeding  furfural  to  dogs  and  rabbits,  they 
found  that  the  methyl  group  of  acetic  acid  had  condensed  with  the 
aldehyde  group  of  furfural  resulting  in  the  formation  of  furfuracrylic 
acid. 

HC CH  H  HC CH 

II  II  I  II  II 

HC  C-CHO+HCCOOH     ->     HC  CCHtCH-COOH  +  HOH 

Furfural .  Acetic  acid.  Furfuracrylic  acid. 

This  is  exactly  analogous  to  the  formation  of  cinnamic  acid  by  the 
Perkins  reaction  from  benzaldehyde,  acetic  anhydride  and  sodium 
acetate : 

CeHiCHO  +  CHjCOOH    — >    C6H4.CH:CH.COOH 

It  was  formerly  believed  that  acetylation  was  extremely  complicated 
and  was  brought  about  only  in  connection  with  certain  simultaneous 
processes  of  oxidation.  This  view,  however,  has  since  been  disproved 
by  Ellinger  and  Hensel  (23)  who  showed  that  both  p-aminobenzaldehyde 
and  p-aminobenzoic  acid  were  acetylated  in  the  organism  of  the  rabbit 
as  completely  as  p-nitrobenzaldehyde.  The  reaction  occurred,  therefore, 
independently  of  either  oxidation  or  reduction  in  the  molecule.  The 
more  recent  work  of  Miss  Hensel  (38)  on  the  quantitative  studies  of 
acetylation  in  the  animal  body  tends  to  confirm  the  earlier  views  of 
Knoop  (53)  (55)  who  believed  that  acetylation  is  probably  produced 
from  pyruvic  acid  and  ammonia.  If,  for  example,  two  molecules  of 
pyruvic  acid  interact  with  one  molecule  of  ammonium  carbonate  with 
the  formation  of  carbon  dioxide  and  water,  we  have  formed  acetyl- 
alanine  : 

CHjCH-COOH 

CHsCO-COOH  +  NHj  +  CHs-CO.COOH     -^  | 

NH-CO-CH, 
Pyruvic  acid.  Pyruvic  acid.  Acetylalanine. 
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Miss  Hensel  found  that  salts  of  acetic  acid  actually  increased  the  yield 
of  an  acetylated  product.  Pyruvic  acid  and  aceto-acetic  acid  also 
promote  the  acetylation  reaction,  a  fact  which  seems  to  indicate 
that  these  two  compounds  are  finally  split  into  acetic  acid  in  normal 
catabolism. 

Methylation.  This  type  of  reaction,  while  perhaps  very  common  in 
connection  with  the  formation  of  such  compounds  as  creatine  and 
sarcosine,  is  rather  rare  as  a  detoxication  process.  One  of  the  first 
cases  of  this  reaction  to  be  discovered  was  that  observed  by  His  (39), 
who  fed  pyridine  to  a  dog  and  found  in  the  urine  a  methyl-hydroxy- 
pyridine   compound. 

H  H 

I  I 


HC 


/'S 


CH 


^^\ 


HC 


CH 


HC  CH 


Pyridine. 


HC  CH 

HjC^^OH 
Methyl-hydroxy-pyridine. 


It  has  since  been  shown  that  the  same  reaction  is  employed  also  by  pigs 
(104),  goats  and  chickens  (41),  though  not- by  rabbits  (1).  A  similar 
example  has  been  reported  by  Ackcrmann  (3)  who  found  trigonellin 
in  the  urine  of  dogs  after  feeding  nicotinic  acid.  Here  too  we  have  the 
addition  of  a  methyl  and  a  hydroxy!  group  to  tlic  nitrogen  of  the  pyridin 
ring  followed  by  a  secondary  inn(>r  anhythide  formation  by  splitting 
out  a  molecule  of  water. 


H 

I 

HC  CCOOH 

I  II 

HO        cn 


Nicotinic  lu-id. 


H 

I 

HC  CCOOH 

I  II 

HC  CH 

V/ 

H,C^^\)H 


HC 


H 


/^N 


0 

II 

c — c 


HC  CH 

H,C^ 

Trigonollin. 


f  Hf)II 


O 


Severn)  other  rxmnplcH  of  mothylal ion  might  Ix'  cilcd,  bul  in  most  of  (he 
cases  the  rcaulling  structure  in  iiilni  unKunuri  or  so  complicated  that 
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little  can  be  learned  regarding  the  nature  of  the  reaction.  The  formation 
of  methylamino  compounds  in  the  plant  world  is  very  common,  but  the 
manner  in  which  they  are  produced  is  still  a  mystery.  It  has  been  sug- 
gested that  the  plant  accomplishes  the  reaction  by  means  of  formalde- 
hyde and  amino  groups,  but  as  we  have  absolutely  no  proof  of  the  pres- 
ence of  formaldehyde  in  animal  tissues,  this  explanation  is  hardly  tenable 
iu  the  case  of  animal  methylation. 

Uramino  ACIDS.  Amino  compounds  have  been  isolated  in  which  the 
amino  group  either  in  the  aromatic  nucleus  or  on  the  side  chain  has 
formed  an  additive  compound  with  a  -CONH2  rest.  This  may  be 
considered  as  the  reaction  product  of  the  amino  group  with  carbamic 
acid,  NH2-C00H,  or  with  urea,  NH2-CO-NH2,  forming  respectively 
water  and  ammonia  as  by-products. 

R.NH,  +  HOOC-NH,     ->     R.NH.CONH,^+ HOH 
Amine.     Carbamic  acid.  Uramino  compound. 

R-NHj  +  HiNCONH,     -^     RNH-CONH,  +  NH, 
Amine.  Urea.  Uramino  compound. 

In  the  laboratory  this  synthesis  is  effected  by  treating  the  amino  acid 
with  HCl  and  potassium  isocyanate.  It  is  very  probable,  therefore,  that 
most  of  the  uramino  compounds  found  in  urine  are  not  produced  within 
the  organism  but  are  formed  during  the  evaporation  of  the  urine  by 
the  interaction  of  the  amino  compound  with  urea.  Some  of  the  best 
known  examples  of  uramino  acids  are  m-uraminobenzoic  acid  and 
taurocarbamic  acid.  The  latter,  a  union  of  -CONH2  and  the  amino 
group  of  taurine,  was  thought  at  one  time  to  be  a  compound  of  consider- 
able importance,  until  Schmidt  and  Allen  (90)  showed  that  taurine 
actually  passes  through  the  body  unchanged  but  on  evaporation  of 
the  urine  combines  with  urea  to  form  the  uramino  acid.  From  time  to 
time  uramino  acids  have  been  reported,  particularly  side  chain  com- 
pounds, which  crystallized  from  the  unevaporated  urine  on  standing. 
These  very  probably  were  products  of  synthetic  reactions  which  occurred 
within  the  body.  In  general,  one  may  say  that  the  uramino  acids  are 
very  likely  of  much  less  importance  than  at  first  considered. 
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THE  PHYSIOLOGICAL  ACTION  OF  LIGHT 

JANET  H.  CLARK 

Department  of  Physiological  Hygiene,  School  of  Hygiene  and  Public  Health,  Johns 

Hopkins  University 

The  first  systematic  effort  to  study  the  biological  effects  of  light,  and 
its  therapeutic  uses,  was  made  by  Finsen  (1)  when  he  founded  his  Light 
Institute  in  Copenhagen  in  1896.  Much  valuable  work,  both  theoreti- 
cal and  practical,  has  been  done  there  since,  with  especial  success  on 
the  therapeutic  side,  in  the  treatment  of  lupus,  but  the  fundamental 
problem  of  the  mode  of  action  of  light  on  the  living  cell  remains  unsolved. 
Recently,  the  rapidly  accumulating  clinical  results  of  light  treatment  in 
tuberculosis,  rickets,  malaria,  etc.,  closely  related  as  they  are  to  the 
results  of  x-ray  and  radium  treatment,  continually  emphasize  the 
importance  of  this  problem  and  increase  its  mystery. 

It  is  at  first  disappointing  to  find  that  there  is,  apparently,  in  the 
animal  kingdom  no  effect  analogous  to  the  action  of  light  on  the  chlo- 
rophyll system  of  the  green  plant,  by  means  of  which  light  energy  is  stored 
and  oxygen  restored  to  the  atmosphere.  Although  there  is  a  universal 
conviction  that  sunlight  is  healthy,  it  is  certain  that  people  and  animals 
can  live  a  long  time  in  darkness  without  anj''  noticeably  bad  results. 
Blessing  (2),  who  acted  as  physician  to  Nansen  during  his  expedition  in 
the  Fram,  published  a  report  showing  that  members  of  the  party  ex- 
hibited no  evidence  of  anemia  during  the  trip.  More  recently,  Grober 
and  Sempell  (3)  examined  horses  that  had  worked  for  years  in  coal 
mines  and  found  no  anemia  in  any  case  where  a  satisfactorj'^  nutritive 
condition  existed.  But,  though  the  physiological  effect  of  sunlight 
seems  at  first  sight  indefinite  and  of  dubious  importance,  the  action  of 
far  ultraviolet  light  on  normal  tissue,  and  the  action  of  near  ultraviolet 
and  visible  light  under  certain  pathological  conditions,  has  been  investi- 
gated enough  to  show  that  there  are  well-defined  effects  due  to  light, 
closely  related  to  the  physiological  results  of  exposure  to  radium  and 
x-rays.  These  results  are  gradually  assuming  considerable  importance  in 
clinical  medicine  and  present  theoretically  an  interesting  but  illusive 
problem  in  physiology.  This  review  will  give  as  briefly  as  possible  the 
facts  that  have  been  experimentally  proved  so  far  with  a  discussion  of  the 
theoretical  and  practical  considerations  suggested  by  them. 
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Effect  of  light  on  viicroorganis^ns.  The  most  definite  result  of  the 
early  work  on  the  action  of  hght  on  the  living  cell  was  the  proof  that 
ultraviolet  light  exerts  a  strong  lethal  action  on  bacteria.  In  1877 
Downes  and  Blunt  (4)  showed,  for  the  first  time,  that  sunlight  retards 
the  growth  of  bacteria  and  proved  that  this  was  not  due  to  heat  since 
the  same  result  was  obtained  with  tubes  cooled  in  ice, 

Marshall  Ward  (5)  in  1893  exposed  anthrax  bacilli,  in  gelatine  media, 
to  sunUght  and,  by  means  of  color  filters,  demonstrated  that  the  effect 
was  due  to  the  violet  end  of  the  spectrum.  With  a  solar  spectrum  pro- 
jected on  the  inoculated  media  the  effect  was  found  to  begin  in  the 
greenish  blue. 

In  1905  Hertel  (6)  did  the  first  quantitative  piece  of  work  in  this 
subject.    He  examined  the  phj'siological  effect  of  rays  of  different 


TABLE  1 

Time  for  lethal  action  of  light 

OAI,TA.NOMETER  DEFLBCTIONB 

WAVE  LENOTHS 

t^t*' 

10 

50 

500 

232 

60" 

10" 

\ 

280 

3' 

40" 

7" 

334 

60" 

Bacteria 

383 

8' 

440 

3  hrs. 

■ 

280 

3' 

334 

14' 

Paramoecia 

440 

3  hrs. 

wavelengths  and  the  same  energy,  the  energy  of  the  light  being  measured 
by  means  of  a  thermocouple  and  galvanometer.  His  results  show  con- 
clusively that  the^  shorter  the  wavelength  the  greater  the  lethal  effect 
on  bacteria  and  paramoecia  (table  1). 

A«  the  spectrum  of  sunlight  reaches  only  to  2d0fin  in  the  ultraviolet, 
greater  germicida!  effcctH  can  Ih^  obtained  by  means  of  artificial  sources, 
such  as  the  quartz  mercury  arc  and  bare  metallic  arcs.  In  a  recent 
paper  by  Browning  and  Russ  (7)  a  tungsten  arc  was  the  source  of  light 
uaed.  Thi.s  gives  a  rich  line  spectrum  extending  as  far  us  '2\i)nn.  A 
gelatine  plate  was  inoculated  with  microorganisniH  instead  of  being 
senaitizcd  with  a  silver  salt,  exposed  to  the  spectrum  of  the  arc  through 
a  quartz  Mjx'ctrograph,  and  iiuMibated  at  37",  witli  the  rcsuH.  that  bac- 
teria exix)Hc;d  to  wavcji-ngths  of  29()/i/u  or  less  were  killcl.     Tliis  paper 
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would  seem  to  show  that  sunlight  contains  few  rays  short  enough  to 
affect  bacteria.  But  wavelengths  somewhat  longer  than  296/1^  are 
lethal  with  longer  exposure  or  with  exposures  at  a  higher  temperature. 
Thiele  and  Wolf  (8)  found  that  wavelengths  greater  than  300/xai  were 
harmless  to  bacteria  at  a  temperature  of  14°  to  20°C.  and  lethal  at  30"  to 
40°C.  In  Ward's  experiments  the  temperature  was  probably  such  that 
the  lethal  action  began  in  the  greenish  blue  (about  480/x/i).  No  exact 
experiments  have  been  made  as  yet  giving  the  upper  wavelength  limit 
of  the  effect  at  different  temperatures. 

There  is,  however,  in  all  the  physiological  actions  of  light,  a  very 
marked  difference  between  the  effect  of  light  from  400  to  SOOmm  (near 
ultraviolet)  and  light  from  300  to  lOOju/x  (far  ultraviolet).  Light 
greater  than  300/zju,  being  our  normal  environment,  it  is  obvious  that 
any  organism,  ordinarily  exposed  to  this  light  and  easily  injured  by  it, 
would  have  perished  long  since.  Light  less  than  300iu/x  is  an  unnatural 
environment  and  produces  in  all  living  cells  strong  and  often  very  harm- 
ful reactions.  Since  the  effect  of  light  is  probably  due  to  the  photo- 
chemical reactions  produced  when  Hght  energy  is  absorbed  it  is  not 
surprising  to  find  that  the  various  constituents  of  protoplasm  begin  to 
absorb  light  strongly  in  the  neighborhood  of  300/x/i.  Much- careful  and 
valuable  work  on  the  absorption  of  substances  in  the  ultraviolet  has 
been  done  by  Henri  (9).  He  finds  that  the  abiotic  power  of  light  is 
almost  exactly  proportional  to  its  extinction  coefficient.  When  the 
organisms  are  small  the  entire  protoplasm  is  affected  and  the  action 
obeys  the  laws  of  simple  photochemical  reactions.  If  the  organisms  are 
large  the  effect  is  a  surface  one,  owing  to  the  small  penetration  of  the 
ultraviolet  light.  In  the  latter  case  the  protoplasm  affected  may,  by 
a  process  of  diffusion,  affect  the  rest  and  the  process  is  similar  to  a  com- 
plex photochemical  reaction  taking  place  at  a  strongly  absorbing 
surface. 

We  do  not  know  the  exact  nature  of  the  photochemical  reactions  pro- 
duced in  protoplasm  by  ultraviolet  hght,  although  various  clues  have 
been  suggested.  Bovie  (10)  finds  that  paramoecia  exposed  to  a  sub- 
lethal dose  of  ultraviolet  light  are  so  sensitized  to  heat  that  they  can 
not  stand,  even  for  sixty  seconds,  a  temperature  which  is  an  optimum 
for  the  controls.  He  concludes  that  death  from  ultraviolet  is  due  to 
heat  coagulation  following  sensitization  by  radiation. 

Schanz  (11)  has  shown  that  the  effect  of  ultraviolet  hght  on  protein 
solutions  is  to  make  them  less  soluble,  as  indicated  by  their  easier  pre- 
cipitation.    Chalupecky   (12)   finds  that  exposure  of  egg  and  serum 
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albumin  to  ultraviolet  light  results  in  an  increase  in  the  globulins  at 
the  expense  of  the  albumins.  Recent  experiments  in  this  laboratory 
show  that  a  dilute  solution  of  egg  albumin  may  be  changed  so  as  to  re- 
act like  globulin  towards  ammonium  sulphate  after  an  hour's  exposure, 
in  a  quartz  test  tube,  to  the  light  of  a  quartz  mercury  arc  at  a  distance 
of  5  cm.    Through  glass  the  light  has  no  effect. 

There  is  also  some  evidence  that  lipoids  are  rendered  more  soluble  on 
exposure  to  light,  thereby  possibly  explaining  the  hemolytic  action  of 
ultraviolet  light  on  a  suspension  of  washed  red  corpuscles  (13). 

Bo  vie  (14)  has  also  shown  that  a  sublethal  dose  of  ultraviolet  light 
inhibits  the  cell  division  of  paramoecia.  He  used  a  magnesium  spark 
through  quartz,  which  gives  a  strong  line  at  280)U)u  and  obtained  the 
following  interesting  results.  1,  There  is  inhibition  of  cell  division  with 
•^5  the  exposure  necessary  for  cytolysis.  2,  The  duration  of  the  inhibi- 
tion increases  with  increasing  exposure.  3,  The  inhibition  is  followed 
by  an  acceleration  of  cell  division  which  may,  for  a  short  exposure,  give 
an  increase  in  the  number  of  radiated  individuals  over  the  controls. 
Shorter  wavelengths  from  a  hydrogen  tube,  filtered  through  fluorite, 
gave  a  strong  lethal  action  but  no  inhibition  of  cell  division.  The  rea- 
son given  for  this  is  that  these  very  short  rays  are  absorbed  in  3  to  4 
microns  of  protoplasm  and  do  not  reach  the  nucleus. 

Another  result  of  sublethal  exposures  on  microorganisms  is  reported 
by  M.  and  Mme.  Henri  (15).  They  found  it  possible,  by  moans  of 
short  exposures  to  ultraviolet  light,  to  transmute  anthrax  bacilli  to. 
cocci,  with  various  intermediate  forms.  The  modified  forms,  unlike  the 
original  bacilli,  can  obtain  their  nitrogen  from  ammonium  siilts,  or  the 
amino  acids,  and  develop  best  in  media  containing  sugar.  They  con- 
clude from  this  that  exposure  to  ultraviolet  light  destroys  the  power  of 
the  bacilli  to  secrete  proteolytic  enzymes  while  leaving  uninjured  the 
ability  to  form  amylolytic  enzymes.  As,  however,  the  modified  form 
returns  to  normal  on  inoculation  into  animals,  there  has  been  no  funda- 
mental change  produced  and  the  results  are  of  dubious  importance.  It 
is,  however,  interesting  to  note  that  they  are  in  direct  contradiction  to 
Burgc's  work  (16)  in  which  he  killed  bacteria  by  exposure  to  ultraviolet 
light,  ground  them  up  to  extract  the  enzymes  and  found  the  proteolytic 
enzyniea  unlmrmed.  The  question  of  the  action  of  light  on  bacterial 
enzymes  is  evidently  in  need  of  further  investigation. 

By  means  of  its  lethal  action  on  bacteria,  and  also  on  j)rot<)Zoa  (17), 
the  sun  is  of  undoul)ted  hygienic  vahie  to  mankind.  But  it  is  probably 
beneficial  in  a  less  indirect  way  as  well,  as  there  is  growing  evidence 
to  show  that  light  may  have  a  direct  action  on  higher  animals. 
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Effect  of  light  on  the  eye.  Since  the  eye  is  the  specialized  organ  of  light 
response  it  is  possible,  as  suggested  by  Browne  (18),  that  there  may  be 
changes  in  metabolism  due  to  a  reflex  stimulation  through  the  eye.  In 
support  of  this  view  he  cites  the  chromatic  adaptation  of  certain  frogs  and 
fishes  through  the  eye.  There  is  also  some  experimental  evidence  that 
rabbits  give  off  more  CO2  (19)  in  the  light  than  in  the  dark,  and  that 
when  blinded  the  output  of  CO2  is  the  same.  However,  this  theory  is 
unlikely  since  most  striking  physiological  effects  are  produced  in  higher 
as  well  as  in  lower  animals  by  far  ultraviolet  light  from  which  the  eye 
must  be  carefully  shielded.  The  direct  effect  of  light  on  the  eye  can  be 
given  briefly  as  follows.  Light  of  wavelength  760-380/iM  (the  lower 
limit  being  variable  and  depending  to  some  extent  on  the  age  of  the 
individual)  penetrates  to  the  retina  and  is  perceived  as  visible  light. 
Light  from  380-295/iM  is  absorbed  by  the  lens  and  causes  it  to  fluoresce. 
Light  of  wavelength  shorter  than  295)u/x  is  absorbed  by  the  cornea  and 
conjunctiva  producing  a  severe  ophthalmia. 

The  absorption  of  the  eye  media  for  infrared  light  or  heat  radiation 
(40)  is  equivalent  to  the  absorption  of  2.28  cm.  of  water.  Although 
it  is  possible  that  heat  may  be  a  contributing  cause  in  glass  blower's 
cataract,  there  is  no  evidence  of  injury  to  the  eye  by  heat  except  in 
eclipse  bhndness,  which  is  probably  due  to  heat  coagulation  of  the 
retina  (21).  Also,  visible  light  probably  produces  no  lasting  ill  effect  on 
the  retina,  except  in  so  far  as  it  contributes  to  the  heat  effect  in  ecHpse 
blindness.  The  discomfort  and  disturbance  of  vision  caused  by  the 
glare  of  bright  light  sources  is  a  most  complex  question  which  is  not  well 
understood  at  present.  It  is  largely  a  question  of  the  amount  of  con- 
trast in  the  field  of  view,  for  with  properly  diffused  light  the  eye  can  func- 
tion comfortably  in  bright  sunlight,  which  gives  an  illumination  of 
several  thousand  foot  candles. 

Light  from  295-385mm.  although  absorbed  by  the  lens,  produces  no  ill 
effect  as  a  rule.  Most  proteins  are  coagulated  by  the  ultraviolet  light 
which  they  absorb  but  the  lens  protein  seems  to  be  resistant  in  this 
respect,  at  any  rate  for  the  wavelengths  295-380juAt.  The  light  absorbed 
by  the  lens  causes  a  strong  fluorescence  in  it  and  Burge  (22)  suggests 
that  the  fluorescence  constitutes  a  protective  reaction,  but  the  nature 
of  the  protection  is  not  clear.  It  may  be  mentioned,  as  a  matter  of 
interest,  that  in  some  nocturnal  animals  (rats,  mice)  the  lens  does  not 
fluoresce  to  waves  of  this  length.  Burge  (22)  has  shown  by  a  series  of 
ingenious  experiments  that,  in  the  presence  of  certain  salts,  lens  proteins 
coagulate  with  light  longer  than  SOOmm  and  he  supposes  that  a  combi- 


282 


JANET  H.    CLARK 


nation  of  nutritive  disturbances  and  strong  light  may  account  for  the 
development  of  cataract.  With  this  possible  exception,  however, 
the  light  absorbed  by  the  lens  is  harmless. 

Far  ultraviolet  rays  are  all  absorbed  by  the  conjunctiva  and  cornea. 
Light  of  this  wavelength  (less  than  295mm)  results  in  a  severe  conjunc- 
tivitis and,  with  a  long  exposure,  corneal  ulcers  are  formed.  Artificial 
lights,  if  glass  covered,  are  therefore  harmless  and  sunlight  rarely  con- 
tains enough  far  ultraviolet  to  produce  injury.  However  the  ultra- 
violet reflected  from  large  areas  of  water  and  from  snowfields  may  result 
in  the  temporary  injury  known  as  snowblindness.  Artificial  illumi- 
nants,  which  emit  a  large  amount  of  radiation  of  wavelength  less  than 

TABLE  2 
Transmission  of  light  by  the  skin 


WAVE  LENGTH    (jX/j) 

436 

59 
0.5 

405 

366 

354 

313 

302 
8 

297 

289 

Per  cent  transmitted  by  skin 
0,1  mm.  thick 

55 
0.3 

49 
0.08 

42 
0.02 

30 

2 

0.01 

Per  cent  transmitted  by  skin 
1.0  mm.  thick 

TABLE  3 
Thickness  of  protoplasm  absorbing  90  per  cent  of  light 


Thickness  of  protoplasm  (m) •■  •  • . 

79 

58 

18 

9 

6 

3.8 

Wavelength  ijxti) 

240 

238 

231 

226 

219 

214 

295/iM,  such  as  the  quartz  mercury  arc  and  bare  metallic  arcs,  are  known 
to  Ix;  extremely  injurious  and  the  eyes  should  be  carefully  protected 
from  them. 

Effect  on  the  skin.  It  is  difficult  to  give  exact  figures  as  to  the  extent 
to  which  light  of  difforcnt  wavelengths  ponotratc^s  the  skin,  although  a 
numlM'r  of  pafXTH  have  jjecn  published  on  \\w  suljjeet.  The  following 
quantitative  results  have  lx«en  given  by  Hasselbalch  (23)  (table  2). 

Henri  ({))  gives  tlu;  thickness  of  protoplasm  wliich  absorbs  90  per  cent 
of  ultraviolet  light  of  different  wavelengths  (table  3). 

Glitiichcr  (24)  gives  a  curve  combining  his  results  with  those  of 
Haaiclbalch,  whieh  Ih  shown  in  figun^  1.  Houghly  one  can  say  that 
light  lean  than  3(K)/iM  is  absorlM'd  by  (he  epidermis  in  a  hiyer  0.1  mm. 
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thick.  The  shorter  the  wavelengths  the  smaller  the  layer  that  will 
completely  absor]^  them.  Blood  serum  absorbs  everything  below  300/i/x 
(25).  Normal  blood  absorbs  all  wavelengths  less  than  450jum  and  has 
two  absorption  bands  at  540  and  575/xm.  Bloodless  tissue  is  found  to 
transmit  some  light  throughout  the  visible  spectrum. 

As  a  result  of  the  absorption  of  ultraviolet  light  in  the  epidermis, 
the  familiar  inflammatory  reaction  known  as  sunburn  is  produced.  The 
end  result  of  this  inflammation  is  the  deposition  of  the  piginent  melanin 


ifia 


VKMELENaTHS 


Fig.  1.  Absorption  of  light  by  the  skin. 


in  the  basal  cells  of  the  epidermis.  Melanin  is  assumed  to  be  the  end 
product  of  the  oxidation  of  tyrosin  or  of  one  of  the  related  cyclic  com- 
pounds, probably  through  the  agency  of  an  oxidizing  ferment  such  as 
tyrosinase.  It  is  not  known  how  light  initiates  this  reaction  and  there 
are  many  theories  as  to  the  role  that  pigmentation  plays  in  human 
physiology.  There  is  a  widespread  conviction,  not  however  based  on 
very  accurate  observations,  that  people  who  do  not  tan  respond  badly 
to  heliotherapy.  Rollier  (26),  whose  alpine  sanitarium  for  the  light 
treatment  of  tuberculosis  has  had  such  great  success,  is  convinced  that 
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the  beneficial  action  of  sunlight  is  due  to  the  pigmentation  produced. 
He  has  a  theory  that  pigment,  by  fluorescent  act  ion,, transforms  short 
lethal  rays  to  long  non-lethal  rays  of  a  greater  penetration,  thereby 
doing  away  with  any  danger  from  far  ultraviolet  light  and  increasing 
the  depth  of  light  absorption.  There  is  no  experimental  basis  for  this 
theory,  and  on  examining  the  human  skin  under  Wood's  invisible  mono- 
chromatic Hght  (wavelength  366)um),  which  produces  the  most  beautiful 
fluorescence  in  all  substances  possessing  that  property,  pigmented  areas, 
such  as  freckles,  are  found  to  be  entirely  non-fluorescent.  It  is  possible 
that  the  chemical  change  taking  place  in  the  epidermal  cells,  resulting 
in  the  formation  of  pigment,  acts  in  some  way  as  a  stimulus  to 
metabolism.  The  question  cannot  be  definitely  discussed  since  little 
is  known  about  these  chemical  changes  and  one  can  not  definitely  say 
just  which  raj's  are  responsible  for  the  formation  of  pigment.  It  is 
formed,  we  know,  by  the  ultraviolet  radiation  in  sunlight  so  that  wave- 
lengths greater  than  290mm  are  effective  and  experiments  by  de  Laro- 
quette  (27)  show  that  sunlight  through  glass,  which  cuts  off  wave- 
lengths less  that  330mm,  produces  only  a  slight  degree  of  pigmentation. 
The  most  effective  rays  in  sunlight  seem,  therefore,  to  be  between  290 
and  330mm-  JungUng  (28),  although  he  shows  that  solar  erythema  is 
only  produced  by  rays  less  than  330mm,  the  effect  increasing  rapidly 
with  decreasing  wavelength,  finds  that  pigment  can  be  produced  by 
rays  greater  than  330mm  and  that  rays  less  than  290mm,  while  producing 
a  violent  inflammation,  do  not  result  in  heavy  pigmentation.  Apparently 
these  very  short  wavelengths  are  absorbed  before  they  reach  the  basal 
cells  of  the  epidermis  and  are  therefore  less  effective  than  the  ones  from 
290  to  330mM'  Owing  to  the  difficulty  of  filtering  ultraviolet  light  so  as 
to  obtain  only  rays  less  than  290mm,  it  is  not  known  how  short  a  wave- 
length is  able  to  produce  pigmentation. 

It  is  undoubtedly  true  that  one  function  of  pigment  is  to  act  as  a 
protection  to  the  underlying  tissues  against  too  much  radiation.  But 
at  the  same  time  it  insures  a  maximum  absorption  of  ratliant  energy  in 
the  ba.sal  colls  of  the  epidermis  and  may  therefore  result  in  an  increased 
light  reaction  at  that  point.  Ultraviolet  light  of  wavelength  shorter 
than  2{K)mm  would  not  reach  these  basal  cells  except  where  the  epidermis 
ifl  lo88  than  0.1  mm.  thick,  so  that  pigment  affords  no  protection  against 
radiation  Hhorter  than  that  found  in  sunlight.  Any  speculation  on  the 
rAIc  played  by  pigmentation  suggests  a  comparison  between  the  re- 
spotiHC  of  white  iM'ople  and  negroes  to  heliotherapy.  As  nearly  all  of 
the  publiHlied  work  on  heliotherapy  is  foreign,  and  most  of  it  (Jerman, 
thlM  compariflon  has  not  yet  Ikhui  nia(l(>,  so  far  as  tiie  writer  knows. 
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Light  as  a  stimulus  to  plain  muscle.  Adler  (29)  has  experimented  with 
the  effect  of  Hght  on  surviving  organs  and  finds  that  ultraviolet  radiation 
can  act  as  a  stimulus  to  the  stomach  and  intestines  of  the  frog,  and  to 
the  uterus  of  the  rabbit  and  guinea  pig.  Visible  light  has  no  effect 
unless  the  organs  are  sensitized  with  some  dye  such  as  eosin  or  hemato- 
porphyrin  (see  section  on  photodynamic  sensitization),  in  which  case 
it  acts  as  a  stimulus  also. 

The  effect  of  light  on  the  blood.  Numerous  investigators  have  studied 
the  effect  of  light  on  the  blood  and  their  results,  although  usually  com- 
plicated by  the  effects  of  heat  and  altitude,  agree  fairly  well.  The  effect 
of  sunlight  on  the  erythrocyte  count  is  not  very  marked.  For  short 
exposures  there  is  no  response  and  some  observers  have  reported 
negative  results  when  the  exposures  extended  over  a  considerable  length 
of  time  (30).  However,  enough  observers  have  obtained  positive 
results  to  make  one  believe  that  there  is  a  decrease  in  the  red  count 
and  the  percentage  of  hemoglobin  in  the  dark  and  an  increase  in  the 
Hght,  after  long  exposures  (31),  (32),  (33).  These  changes  are  not  per- 
manent and  the  blood  count  later  returns  to  normal  (2),  (3). 

On  the  contrary,  the  white  blood  cells,  especially  the  lymphocytes, 
respond  to  short  exposures  of  any  radiation  (sunUght,  ultraviolet  light, 
x-ray,  heat).  Murphy  (34)  has  shown  that  a  o-minute  exposure  to 
dry  heat  at  55°  to  65°C.  will  produce  a  rise  in  lymphocytes  of  100  to 
200  per  cent  over  the  normal  count.  Russ  (35),  Taylor  (36)  and  others 
have  shown  that  on  exposure  to  x-rays  the  lymphocytes  fall  rapidly. 
The  response  to  light  is  less  striking  but  certain  definite  results  have 
been  found  and  all  the  published  results  agree  in  the  conclusion  that 
ultraviolet  light  stimulates  a  lymphocytosis  in  men  and  animals  (37), 
(38),  (39),  (40).  In  animals  it  is  found  (40)  that  this  ultraviolet  lym- 
phocytosis is  due  entirely  to  rays  shorter  than  330/xm-  Ultraviolet  light 
from  330  to  390mm  diminishes  the  lymphocyte  count  slightly  but  light 
from  a  metallic  arc  very  rich  in  wavelengths  shorter  than  330mm  pro- 
duces a  marked  lymphocytosis  reaching  its  maximum  in  about  five 
days.  The  production  of  lymphocytosis,  as  well  as  the  formation  of 
pigment  by  ultraviolet  light  may  well  be  an  important  factor  in  helio- 
therapy. The  means  by  which  this  lymphocytosis  is  produced  is  as 
yet  a  mystery.  Bunting  and  Huston  (41)  have  recently  published 
experiments  showing  that  more  lymphocytes  enter  the  blood  stream 
from  the  thoracic  duct  during  twenty-four  hours  than  are  present  in  the 
blood  at  any  time.  The  excess  of  cells  migrates  from  the  blood  vessels 
into  the  mucous  membranes,  chiefly  the  gastro-intestinal  tract.     A 
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lymphoc\'tosis  might  result  either  from  an  increased  rate  of  production 
or  from  a  decreased  rate  of  destruction,  probably  from  the  former. 
Presumably  the  lymphocyte-forming  organs  are  stimulated  to  greater 
activity  b}'  some  photochemical  change  produced  by  ultraviolet  light. 
Blood  radiated  outside  the  body,  and  then  introduced  into  the  blood 
stream,  has  no  effect  on  the  lymphocyte  count  (40),  so  that  whatever  the 
photochemical  reaction  may  be  it  probably  takes  place  in  the  surface 
tissues  through  which  the  blood  circulates,  or  in  the  walls  of  the  capil- 
laries themselves. 

Most  interesting  effects  of  ultraviolet  light  on  the  internal  organs 
have  been  reported  by  Levy  (42)  and  Gassul  (43).  Mice  were  radiated 
with  ultraviolet  light  for  periods  ranging  from  10  minutes  to  56  hours. 
The  animals  were  then  killed  and  the  internal  organs  examined  both 
macroscopically  and  microscopically.  The  spleen,  lungs,  and  liver 
were  found  engorged  with  blood.  The  spleen  was  most  affected,  having 
increased  to  two  or  three  times  its  normal  size,  partly  due  to  a  very 
great  hyperemia,  partly  to  the  development  of  large  masses  of  connec- 
tive tissue  around  the  follicles.  It  is  apparent  then  that  the  absorption 
of  ultraviolet  light  in  the  surface  of  the  body  to  a  depth  of  about  0.1  mm. 
results  not  only  in  an  immediate  or  direct  effect  on  the  skin,  as  indicated 
by  its  inflammation  and  pigmentation,  but  also  in  an  indirect  or  distant 
effect  on  such  organs  as  the  spleen  and  lungs,  which  can  be  explained  only 
by  a  cutaneous  reflex  of  some  sort,  or,  more  probably,  by  the  assump- 
tion that  some  photochemical  product,  formed  at  the  surface,  is  con- 
veyed to  the  internal  organs  by  the  blood.  The  congestion  of  the  lungs 
was  such  that  the  red  cells  had  passed  through  the  capillary  walls  into 
the  alveoli.  This  may  explain  why  heliotherapy  in  lung  tuberculosis  is 
frequently  followed  by  hemorrhage. 

Ultraviolet  light  has  a  hemolytic  action  on  a  suspension  of  washed 
red  corpuscles,  outside  the  body.  In  the  presence  of  serum  this  effect 
docs  not  take  place.  The  protective  action  of  serum,  according  to 
Schmidt  and  Norman  (44),  is  due  to  certain  amino  acids,  especially 
tyrosin  and  tryptophan,  owing  to  the  fact  that  these  substances  absorb 
the  far  ultraviolet.  There  is  no  evidence  of  this  action  in  vivo,  prob- 
ably owing  to  the  protection  afforded  by  the  skin  and  serum. 

Kjfect  on  meUiboliitm.  J>ight  exerts  some  influence  on  body  metabo- 
li«m,  as  is  shown  by  a  numlKT  of  results  indicat  ing  a  change  in  amount  of 
C<)|  expired,  a  change  in  rate  and  <h'plh  of  respiration,  and  an  increased 
rate  of  growth  in  the  light  compared  to  the  dark.  However,  no  results 
definite  enough  to  review  at  any  length  are  reported  in  this  field.     Since 
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ultraviolet  light  is  a  powerful  oxidizing  and  reducing  agent  it  seems 
strange  that  it  does  not  produce  more  marked  changes  in  metabolism 
than  it  does.  The  small  penetration  of  the  chemically  active  rays  is 
of  course  our  protection  against  them.  As  far  as  the  change  in  COj 
output  is  concerned,  it  is  visible  light  and  ultraviolet  light  greater  than 
330/Li)U  which  is  responsible  for  the  effects  reported  so  far,  as  the  animals 
experimented  on  were  always  exposed  to  light  under  glass.  None  of 
these  experiments  are  recent  (19),  (45),  (46),  but  they  suggest  that  it 
would  be  worth  while  to  study  the  basal  metabolism  of  human  beings 
in  the  light  and  the  dark,  and  in  light  of  different  wavelengths.  Very 
recently  experimental  work  on  rickets  (66),  (67)  has  given  evidence  that 
Hght  is  concerned  in  the  phosphorus  and  calcium  metabolism  of  the 
body.  The  results  of  this  work  are  discussed  further  under  the  section 
on  heliotherapy. 

Photodynamic  sensitization.  Although  ultraviolet  rays,  particularly 
those  below  SOO^/x,  produce  many  reactions  in  living  cells,  visible  light 
is  apparently  without  any  effect  except  in  producing  vision,  heat,  and 
possibly  some  change  in  metabolism.  It  is  however  possible  to  sensi- 
tize living  cells,  just  as  one  sensitizes  a  photographic  plate,  and  produce 
an  abnormal  condition  in  which  visible  light  is  as  active  as  ultraviolet. 
This  phenomenon  has  been  called  photodynamic  sensitization.  It  was 
discovered  accidentally  by  Raab  (47).  Under  the  direction  of  von 
Tappeiner  he  was  stuying  the  toxic  action  of  acridin  on  paramoecia 
and  the  discordant  results  in  detennining  the  minimum  fatal  dose  led 
to  the  discovery  that  acridin  is  lethal  only  in  the  light.  With  a  strength 
of  1 :  20000,  paramoecia  are  killed  in  6  minutes  in  direct  sunHght,  1  hour 
in  diffuse  daylight,  and  are  unharmed  in  the  dark.  After  this  fact  was 
discovered  the  subject  was  extensively  investigated  by  von  Tappeiner, 
Jodlbauer,  and  their  co-workers  (48)  and  many  substances  were  found 
to  act  as  sensitizers,  fluorescein  and  its  derivatives  being  especially 
potent.  In  vitro,  a  surprising  number  of  interesting  'results  was  ob- 
tained and  it  was  found  possible  to  sensitize,  to  the  action  of  visible 
light,  bacteria,  protozoa,  red  blood  corpuscles,  enzymes,  ferments,  the 
various  substances  concerned  in  immunity,  and  certain  well-defined 
chemical  substances,  such  as  the  combination  of  mercuric  chloride  and 
ammonium  oxalate. 

Von  Tappeiner  laid  great  stress  on  the  fact  that  most  of  the  substances 
which  act  as  sensitizers  are  fluorescent.  Photodynamic  action  however 
is  not  proportional  to  the  degree  of  fluorescence  and,  although  only  that 
region  of  the  spectrum  is  effective  which  is  absorbed  by  the  fluorescent 
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substances  (bluish  green  for  eosin,  violet  for  quinine),  it  is  not  always 
the  region  that  gives  the  strongest  fluorescence  that  gives  the  greatest 
photodynamic  sensitization.  Also  a  number  of  non-fluorescent  sub- 
stances act  as  sensitizers  of  photographic  plates.  Von  Tappeiner  con- 
siders this  a  different  phenomenon,  but  as  Sellards  (49)  says,  in  his 
interesting  review  of  the  subject,  it  is  hard  to  see  why  one  should  make 
any  distinction  between  the  oxidation  of  substances  such  as  KI  or 
metalUc  silver  by  eosin  and  light,  and  the  acceleration  of  a  photographic 
plate  by  chlorophyll. 

The  light  emitted  by  the  fluorescent  body  is  in  itself  ineffective.  It 
is  necessary  that  the  sensitizer  be  in  contact  with  the  material  on  which 
it  acts.  Von  Tappeiner  probably  laid  a  great  deal  too  much  stress  on 
the  importance  of  fluorescence  in  photodynamic  action.  It  is  the  usual 
accompaniment  but  not  the  fundamental  cause  of  the  sensitization, 
a  sort  of  outward  and  ^asible  sign,  so  to  speak,  of  an  inner  activity  in 
response  to  light.  Fluorescence,  in  fact,  is  a  more  general  property  than 
is  usually  supposed.  In  a  dark  room,  under  Wood's  invisible  light 
(quartz  mercury  arc  through  a  filter  transmitting  only  wavelength 
366mm)  >  nearly  all  substances  show  some  degree  of  fluorescence. 

There  is  no  evidence  that  the  sensitizer  is  permanently  altered  by 
exposure  to  the  light.  If  eosin  is  exposed  to  light  and  then  added,  in  the 
dark,  to  a  solution  containing  bacteria,  or  washed  red  blood  corpuscles, 
it  is  as  harmless  as  if  it  had  never  been  exposed.  The  presence  of  oxy- 
gen is  necessary  for  most  of  the  effects  produced  by  visible  light  and  the 
only  light  which  is  effective  is  light  of  wavelengths  corresponding  to  the 
absorption  band  of  the  sensitizer. 

The  sensitizing  reactions  arc  specific.  Although  eosin  seems  to  be  a 
sensitizer  for  all  cells  and  chemical  substances,  tliis  is  not  invariably 
true  of  other  dyes.  For  instance,  methylene  blue  acts  as  a  sensitizer 
to  kiitalasc  but  not  to  peroxidase,  antl  the  relative  sensitizing  action  of 
various  dyes  is  different  towards  different  substances.  The  specificity  of 
the  phenomenon  is  especially  striking  when  the  experiments  are  tried  in 
vivo.  Although  a  great  many  substances  sensitize  in  vitro,  only  eosin, 
clilorophyll  and  certain  derivatives  of  hem()gl()l)in  have  so  far  been 
found  effective  in  vivo  and  the  only  markedly  effective  sensitizer  for 
higher  uninmls  is  hematoporphyrin.  This  substance  is  derived  from 
h(;itiutin  by  removing  the  iron.  It  has  the  formula  CJ4HS8O0N4,  but  is 
usually  obtained  and  used  in  its  crystalline  compound  with  hydrochloric 
acid.  In  vitro  it  is  a  less  effective  sensitizer  than  the  nicnibers  of  the 
WuorvtM'v'm  group,  but  in  vivo  it  produces  the  most  marked   elTects. 
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Hausmann  (50)  injected  white  mice  with  it  and  found  0.01  gram  harmless 
in  the  dark  while  0.002  gram  will  bring  on  acute  symptoms  in  the  light. 
There  is  a  marked  but  temporary  hyperemia  of  the  ears,  nose  and  tail, 
and  after  a  period  of  great  activity  the  animal  becomes  quiet,  shows 
dyspnea  and  dies  in  one  to  three  hours.  If  exposed  to  a  less  intense 
light  or  if  exposure  to  an  intense  light  takes  place  some  time  after  in- 
jection, the  mouse  develops  a  subacute  form  and  dies  in  one  to  two  days. 
With  still  less  light,  or  a  longer  interval  between  injection  and  exposure, 
the  animals  develop  a  chronic  form  and  remain  sick  and  light-sensitive 
for  months.  The  blood  of  the  hematoporphyrin  mouse  is  not  hemolysed 
and  it  is  probable,  from  the  length  of  time  that  an  animal  remains 
sensitized,  that  hematoporphyrin  forms  a  stable  photosensitive  com- 
pound with  some  element  of  the  skin  tissue  which  is  only  slowly  broken 
down  and  eliminated. 

As  mentioned  above,  Adler  (29)  found  that  visible  light  acts  as  a 
stimulus  to  plain  muscle  in  various  organs,  when  they  are  sensitized  with 
different  dyes,  and  Amsler  and  Pick  (5#)  have  made  numerous  experi- 
ments with  light  on  the  surviving  frog's  heart.  Neither  eosin,  nor 
hematoporphyrin,  nor  visible  light  alone  affects  the  surviving  heart 
injuriously  but  if  a  small  amount  of  sensitizer  is  added  to  the  perfusing 
solution,  and  the  heart  then  radiated  with  visible  light,  the  illumination 
produces  a  disturbance  in  the  atrio-ventricular  transmission  of  the  im- 
pulse, resulting  in  a  sort  of  heart  block,  in  which  the  nervous  rather 
than  the  muscular  parts  of  the  organ  are  affected. 

There  are  a  few  instances  of  spontaneous  sensitization  in  which  the 
skin  is  abnormally  sensitive  to  light.  Buckwheat  poisoning,  among 
animals,  is  the  best  instance  and  it  has  been  suggested  that  the  skin 
lesions  in  pellagra  indicate  a  light-sensitive  condition  in  man.  Meyer- 
Betz  (52),  with  more  devotion  to  science  than  to  his  own  welfare, 
tried  the  effect  of  hematoporphyrin  on  himself,  by  injecting  200  mgm. 
into  his  own  blood.  Subsequent  exposure  to  light  produced  most  dis- 
tressing symptoms  similar  to  those  seen  in  the  mouse  and  he  remained 
hght-sensitive  for  a  long  time.  In  the  light-sensitive  condition,  known 
as  hydroa  vacciniformis,  hematoporphyrin  is  found  in  the  urine  and 
it  has  been  suggested  that  it  is  an  example  of  naturally  occurring  hema- 
toporphyrin sensitization,  since  the  symptoms  bear  some  resemblance 
to  Meyer-Betz'  reactions.  However,  Sellards  (49)  after  working  at  the 
problem  from  many  different  angles  came  to  the  conclusion  that,  on  the 
whole,  sensitization  plays  but  Httle  part  in  the  etiology  or  therapy  of 
the  diseases  of  man.     Bile  pigments  are  photodynamic  in  vitro,  but 
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apparently  the  body  can  be  overwhelmed  with  highly  hemolytic  pig- 
ments without  suffering  serious  unjury.  There  is,  perhaps,  some 
mechanism  protecting  the  body  against  the  hemolytic  action  of  bile 
pigments  which  is  not  so  efficient  toward  hematoporphyrin. 

As  has  been  explained  above,  the  usual  meaning  attached  to  photo- 
dynamic  sensitization  is  the  production  by  visible  light,  plus  a  sensitizer, 
of  the  same  reaction  that  ordinarily  takes  place  under  ultraviolet  light. 
It  has  however  been  shown  by  Howell  (paper  not  yet  published)  that 
there  is  another  type  of  sensitization,  in  which  dyes  plus  visible  light 
produce  an  effect  opposite  to  that  produced  by  ultraviolet  light  alone. 
Fibrinogen,  freshly  prepared,  coagulates  spontaneously  under  ultra- 
violet light.  If  exposed  through  glass  there  is  no  spontaneous  precipita- 
tion, but  it  coagulates  on  heating  to  60°C.  or  on  the  addition  of  throm- 
bin. On  adding  eosin,  or- hematoporphyrin,  and  exposing  to  either 
ultraviolet  or  visible  light,  the  fibrinogen  is  not  only  desensitized  to 
heat,  so  that  is  fails  to  coagulate  on  heating  to  90°C.,  but  also  fails  to 
to  react  with  thrombin.  Whether  the  action  of  hematoporphyrin  on 
higher  animals  belongs  to  this  type  of  sensitization,  or  to  that  usually 
observed,  is  not  at  present  known. 

Heliotherapy.  The  results  of  heliotherapy  are  entirely  empirical 
and  not  at  all  based  on  the  experimental  facts  of  light  action  as  out- 
lined above.  They  suggest,  however,  many  valuable  lines  along  which 
experimental  work  should  be  done  in  the  future.  - 

/.  Skin  diseases.  Much  use  has  been  made  of  ultraviolet  light  in  vari- 
ous di.seases  of  the  skin  with  favorable  results  in  many  conditions,  but 
the  most  striking  positive  result  is  the  work  of  Finsen  (1)  in  the  treat- 
ment of  lupus  vulgaris.  By  means  of  concentrated  sunlight  or  arc  light, 
from  whicii  the  heat  was  eliminated  as  much  as  possible,  he  was  able  to 
cure  lupus  in  the  great  majority  of  cases.  The  light  destroys  the  dis- 
eased tissue  and  promotes  the  growth  of  the  healthy  tissue.  The 
treatment  is  a  long  one  but  on  the  whole  safer  and  more  successful  tlian 
treatment  by  x-rays.  Eczema  and  acne  are  sometimes  cured  by  light, 
and  birthmarks  may  be  improved,  but  the  same  or  better  results  can  be 
obtain<Ml  with  x-rays.  One  advantage  of  ultraviolet  over  x-ray  treat- 
ment is  that  it  is  much  safer.  Even  when  the  skin  is  severely  burned 
no  bml  after-results  are  noticed. 

^.  TuhercuUmH.  In  addition  to  its  effect  on  tubercular  skin  infections, 
light  hiwj  a  markedly  Ijcneficial  action  on  most  of  the  other  forms  of 
tulKTculosiH,  particularly  the  Hurgical  typ<*s.  In  lOO'i  Kollier  (26) 
founded  a  Hanatoriuni  at  Lcysin  for  the  treatment  of  tulx'rculosis  by 
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heliotherapy  and  his  results,  especially  with  surgical  tuTDerculosis,  are 
so  promising  that  the  method  is  gradually  V^eing  adopted  elsewhere. 
RolUer's  treatment  consists  of  sunbaths,  beginning  with  a  short 
exposure  of  the  feet,  and  gradually  increasing  the  area  exposed  and 
the  length  of  exposure  until  the  whole  bodj'^,  except  the  head,  is  ex- 
posed for  several  hours  a  day.  This  light  treatment,  combined  with 
outdoor  life  and  a  high  altitude  results  in  a  remarkably  large  percentage 
of  cures.  The  following  statistics,  quoted  from  Gassul's  monograph 
(53)  cover  1129  cases,  652  of  which  were  adults  (table  4). 

The  most  striking  result  is  in  bone  and  joint  tuberculosis.  Exposure 
to  sunUght  increases  the  rate  of  disintegration  of  cells  damaged  beyond 
repair,  while  stimulating  the  activity  of  normal  cells,  and  acting  also 
as  a  stimulus  to  recalcification.     X-ray  photographs,  after  the  light 


TABLE  4 
Results  of  light  treatmetit  in  surgical  tuberculosis  (Rollier) 


Skin  tuberculosis. 
Bone  and  joint. . 

Glandular 

Peritonitis 

Genito-urinary. . . 
Kidney 


per  cent 

81.25 
75.98 
89.80 
80.30 
77.80 
52.94 


IMPBOVED 


per  cent 

18.75 

7.80 

5.20 

8.20 

22.20 

33.00 


Total  mortality  0.9  per  cent. 

treatment,  give  striking  evidence  of  the  effect  upon  bone  formation. 
According  to  Rollier,  phalanges  that  have  entirely  disappeared  may  be 
so  completely  recalcified  as  to  be  indistinguishable,  in  radiographs,  from 
normal  tissue,  and  adults  seem  to  be  as  easily  affected  as  children.  This 
means  that,  for  early  cases  at  least,  the  disease  can  be  checked,  and 
motion  preserved  in  the  affected  joint,  the  gradual  establishment  of 
motion  going  hand  in  hand  with  the  healing  process.  There  is  also  a 
marked  reaction  in  sinuses  and  ulcers.  Under  light  treatment  there  is  a 
profuse  discharge  followed  by  sloughing,  formation  of  healthy  granula- 
tions and  healing.  In  tubercular  lymph  glands  there  is  a  gradual  reduc- 
tion in  size  and  in  broken-down  glands  the  contents  are  frequently 
absorbed.  There  is  absorption  of  effusions  in  the  joints,  and  in  the 
peritoneal  and  pleural  cavities,  which  is  especially  noticeable  in  peri- 
tonitis.   A  recent  paper  by  Hyde  and  Grasso  (54)  gives  details   of 
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Rollier's  method  and  the  results  of  its  application  at  Perrysburg,  N.  Y. 
Their  results,  though  slightly  less  favorable  throughout,  are  roughly 
similar,  to  those  of  RoUier,  given  in  table  4,  and  indicate  that  helio- 
therapy can  be  successfully  used  for  surgical  tuberculosis  even  at  low 
altitudes.  They  report  the  use  of  the  quartz  mercuiy  arc  on  dark  days 
but  say  that  it  is  inferior  to  sunlight.  There  are  no  conclusive  results 
on  the  exclusive  use  of  the  mercury  arc  so  that  it  is  impossible  to  say 
how  far  it  may  be  used  to  replace  sunlight.  There  is  some  evidence 
that  mercury  arc  treatment  is  useful  in  intestinal  tuberculosis  but  in 
lung  tuberculosis  both  sunlight  and  artificial  light  baths  are  apt  to  lead 
to  hemorrhages,  possibly  on  account  of  the  congestion  of  the  lungs, 
which  is  known  to  follow  exposure  to  ultraviolet  light  in  the  lower  ani- 
mals (42),  (43). 

How  sunUght  acts  upon  tuberculosis  is  only  conjecture  at  best. 
RoUier  insists  on  the  fact  that  the  benefit  is  always  proportional  to  the 
degree  of  pigmentation.  Without  knowing  accurately  which  wave- 
lengths are  responsible  for  pigmentation  and  which  are  most  beneficial 
in  the  treatment  of  tuberculosis,  any  connection  between  the  two  eifccts 
is  largely  guesswork.  It  may  be  that  the  chemical  changes  resulting 
in  pigmentation  give  a  stimulus  to  the  entire  body  metabolism.  It  may 
be  that  after  it  is  formed  the  pigment  acts  as  a  sensitizer  to  light.  On 
the  other  hand,  the  production  of  a  lymphocytosis  may  be  the  important 
result.  It  is  difficult  to  get  a  clear  picture  of  the  blood  changes  due  to 
heliotherapy,  as  the  blood  picture  in  different  types  of  tuberculosis  is 
different  to  begin  with,  and  the  effect  of  altitude  usually  complicates  the 
results.  Rollier  (26)  states  that,  with  heavy  pigmentation  and  good 
prognosis,  lymphocytosis  takes  place.  Murphy  (55)  has  found  that 
mice  with  a  high  lymphocyte  count  are  resistant  to  the  inoculation  of 
tubercle  bacilli,  so  that  the  blood  changes  may  well  be  the  important 
ones.  If  this  is  correct,  wavelengths  less  than  330mm  should  be  the 
most  effective  in  producing  good  results. 

Gassul  (53)  in  a  recent  monograph  has  given  a  summary  of  the  re- 
sults of  treat inont  of  tuljerculosis  with  radiations  of  every  type  (light, 
x-ray,  radium).  Figure  2  is  taken  from  his  paper  and  shows  most 
graphically  th(^  high  percentage  of  cures  possible  by  radiation  treatment. 

.i.  Wounds.  In  connection  with  the  eff(!ct  of  light  on  tub(MTulosis  it  is 
interesting  to  note  that  a  number  of  papers  have  been  published  on  the 
use  of  ultraviolet  light  in  the  treatment  of  wounds  (see  review  by 
Breiger  (50)).  The  iK-nefit  may  be  partly  due  to  the  Imctericidal  action 
of  the  short  wttvel(;ngthH  but  there  is  also  a  nuirked  effect  similar  to  tlu; 
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action  on  tubercular  lesions.    The  diseased  tissue  is  destroyed  and  the 
growth  of  healthy  granulations  stimulated. 

4.  Rickets.  In  tuberculosis  of  the  bones  and  joints  light  is  found  to  act 
as  a  recalcifying  agent  and  this  property  makes  it  also  a  beneficial  agent 
in  rickets.  A  number  of  papers  have  appeared  in  foreign  journals  on 
this  subject  (57),  (58),  claiming  that  under  light  treatment,  with  the 
quartz  mercury  arc,  the  recalcification  of  bones  proceeds  at  an  acceler- 
ated rate,  and  that  in  spasmophilic  rickets  symptoms  of  tetany  disap- 


:^    HELIOTHf^AkPY  Ck   M^TIFItlKL     LIGHT  OSUROCRr 

•     RONTO^N   THERAPY  Q      SPONT  AN  E.OUS   HEALIHQ 

Fig.  2.  Percentage  of  cures  in  surgical  tuberculosis  under  different  methods  of 
treatment. 

pear.  These  experiments  were  made  on  human  subjects  and  all  the 
evidence  has  been  furnished  by  radiographs.  The  study  of  this  effect 
has  recently  been  taken  up  in  this  country  in  a  more  systematic  way 
(59),  (60),  (61),  (62).  It  seems  now  well-established,  by  experiment, 
that  rats,  fed  on  a  diet  which  is  known  to  produce  rickets,  fail  to  develop 
the  disease  if  they  are  exposed  daily,  for  a  short  time,  to  sunlight  or  to 
the  quartz  mercury  arc,  A  study  of  the  chemical  changes  in  the  blood 
under  sunlight  treatment  for  rickets  by  Hess  and  Gutman  (61),  showed 
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that  the  inorganic  phosphorus  of  the  serum,  which  is  reduced  in  children 
suffering  from  rickets  (63)  comes  back  to  normal  under  sunlight  treat- 
ment, or  on  the  administration  of  cod  liver-  oil.  These  two  agents  seem 
to  stimulate  the  deposition  of  inorganic  salts  and  particularly  affect  the 
phosphorus  metabolism  of  the  body.  These  results  are  extremely  inter- 
esting from  a  clinical  standpoint  and  also  give  the  first  definite  experi- 
mental evidence  of  metabolic  change  in  the  animal  body  brought  about 
by  sunlight. 

5.  Malaria.  There  is  some  evidence  for  believing  that,  in  cases  of 
chronic  malaria,  relapses  may  be  induced  by  ultraviolet  light  (64),  (65), 
(66).  This  is  interesting  in  connection  with  the  experiments  by  Levy 
(42)  and  Gassul  (43)  on  the  effect  of  ultraviolet  light  on  the  spleen. 
Work  in  this  direction,  however,  has  not  progressed  far  enough  to  make 
any  definite  statements  possible. 

It  has  often  been  suggested  that  quinine  owes  its  curative  properties 
to  its  photodynamic  action.  This  theory  has  never  had  any  facts  to 
substantiate  it  and  has  been  thoroughly  disproved  by  Sellards  (49). 

Ecology.  There  seems  to  be  no  doubt  that,  with  extended  knowledge 
as  a  result  of  more  exact  experiments,  heliotherapy  will  be  able  to  pro- 
duce definite  and  valuable  results.  So  far  the  experiments  have  seldom 
been  with  monochromatic  light  and  little  distinction  has  been  made 
between  the  ultraviolet  in  sunlight  and  in  artificial  sources.  As  informa- 
tion on  the  light  emission  of  different  sources  and  the  absorption  of 
various  materials  is  scattered  and  hard  to  find  when  needed,  tables 
giving  some  of  these  facts  have  been  put  at  the  end  of  this  paper  (tables 
6  and  7). 

The  study  of  the  extent  and  intensity  of  the  ultraviolet  radiation  in 
sunlight  is  of  particular  interest  on  account  of  its  application  both  to 
heliotherapy  and  to  ecology.  In  connection  with  his  studies  on  the 
effect  of  the  Philippine  climate  on  man.  Freer  (67)  determined  the  limit 
of  the  solar  spectrum  in  the  ultraviolet  and  found  it  to  be  291/i/i,  which 
is  identical  with  the  limit  as  found  at  all  latitudes  and  altitudes.  Miethe 
and  Lehman  (68)  made  measurements  at  Assuan,  Berlin,  Zermatt, 
G6raergrat  and  Monte  Rosa  and  found  the  limit  of  the  spectrum  always 
the  same,  291.21  to  291.55^Ai.  This  limit,  l)cing  fixed  by  ozone  absorp- 
tion in  the  outer  atmosphere,  is  independent  of  any  condition  on  the 
earth.  However,  the  intensity  of  distribution  in  tiie  solar  spectrum, 
particularly  in  the  ultraviolet  end,  is  a  different  matter.  Dorno  (69), 
in  A  recent  book,  has  summarized  the  findings  on  this  Kubj(>ci  and  given 
the  results  of  his  own  valuable  work  ut  Davos,     lie  studied  the  daily 
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and  yearly  variations  of  the  ultraviolet  and  blue  in  sunlight  by  means  of 
photo-electric  cells.  Brightness  determinations  were  made  with  a  pho- 
tometer, and  bolometric  and  pyrheliometric  determinations  were  made 
of  solar  heat.  Most  accurate  heat  measurements  have  been  made  by 
Abbot  (70)  and  others  but  Dorno's  work  on  the  ultraviolet  variation  is 
unique.  Figure  3  from  his  book  shows  the  extraordinary  variation  in 
the  intensity  of  ultraviolet  radiation  throughout  the  day,  and  also  the 
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Fig.  3.  Variation  in  intensity  of  solar  heat,  H,  and  ultraviolet  solar  radiation, 
UV,  throughout  the  day,  in  different  months.  Experiments  at  Davos,  Switzer- 
land. 

great  difference  between  a  day  in  summer  and  one  in  winter.  Figure  4 
also  shows  that  the  midday  variation  throughout  the  year  is  markedly 
greater  for  ultraviolet  than  for  heat  and  visible  Ught.  Latitude  and 
altitude  must  also  make  a  great  difference  in  ultraviolet  intensity  be- 
cause with  increase  in  altitude  the  transparency  of  the  atmosphere 
increases  faster  for  ultraviolet  than  for  visible  light.  Since  the  ultra- 
violet light  undoubtedly  exerts  an  influence  on  the  human  organism, 
further  studies  in  this  field  should  j^ield  most  important  ecological 
results. 


296 


JANET   H.    CLARK 


Freer  (67),  Chamberlain  (71)  and  others  have  carefully  studied  the 
effect  of  a  tropical  climate  on  the  condition  of  soldiers  in  the  Philippines, 
especially  in  reference  to  the  effect  on  blondes.  They  found  that  all 
soldiers,  irrespective  of  their  coloring,  reacted  in  the  same  way  to  life 
in  the  tropics.  They  showed  loss  in  weight,  higher  pulse  rate  and  rate 
of  respiration,  and  a  lower  blood  pressure.  They  had  a  high  red  count 
and  low  color  index,  and  the  differential  white  count  showed  a  high 
percentage  of  lymphocytes  and  a  low  percentage  of  polynuclears  (72). 
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Fig.  4.  Average  midday  intensity  of  solar  heat,  //,  ultraviolet  radiation,  UV, 
and  brightness,  B,  throughout  the  year  at  Davos,  Switzerland. 

The  Bame  changes  in  pulse,  respiration,  and  blood  pressure  can  be 
brought  about  by  moist  heat  (73),  and  it  is  quite  possible  that  the  heat 
may  also  be  responsible  for  the  blood  changes.  On  the  whole,  the  work 
in  the  Philippines  showed  that  the  deleterious  efforts  of  the  tropics  are 
due  to  he^t  and  not  to  light.  Now  in  tulx;rculosis  and  rickets,  and  pos- 
sibly in  other  diseases,  light  has  a  curative  action,  and  the  beneficial 
effects  are  probably  lorutcd  in  the  uliniviolcM  region  loss  than  \VM)}xfi. 
It  seems  then  conceivable  that  the  benefit  we  obtain  from  outdoor  life 
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may  be  due,  in  part  at  least,  to  the  ultraviolet  of  the  sunhght.     Indoor 
light  is  cut  short  at  SSOmm  by  the  absorption  of  glass. 

A  theory  of  light  action.  With  our  increasing  knowledge  of  atomic 
structure,  and  the  importance  of  the  configuration  of  electrons  in  an 
atom  in  determining  its  physical  and  chemical  properties,  we  are  begin- 
ning to  interpret  chemical  as  well  as  physical  reactions  in  terms  of  elec- 
tronic behavior.  In  a  general  way  it  is  safe  to  believe  that  the  physio- 
logical effects  of  light  have  their  origin  in  the  photochemical  reactions 
produced  when  light  is  absorbed.  With  simpler  chemical  substances 
light  is  seen  to  act  as  a  powerful  oxidizing  and  reducing  agent,  so  we 
suppose  that  with  the  more  complex  chemical  compounds  in  the  living 
cell  the  same  is  true.  Also,  it  is  safe  to  suppose  that  all  photochemical 
reactions  are  initiated  by  a  change  in  configuration  and  velocity  of  the 
elections  of  the  substance  absorbing  the  light.  Light  energy,  absorbed 
by  a  body,  may  increase  the  molecular  motion,  thereby  producing  a 
rise  in  temperature.  If  the  incident  light  has  small  enough  wavelengths 
to  produce  vibrations  in  the  electrons,  instead  of  in  the  molecules  and 
atoms,  the  absorption  of  light  may  result  in  the  escape  of  electrons  from 
the  atoms,  with  a  consequent  change  in  valency,  resulting  in  chemical 
action.  When  light  of  very  short  wavelengths  (less  than  300ju/x)  falls 
on  many  substances,  notably  metals,  where  most  of  the  energy  is  ab- 
sorbed in  the  surface  layer  of  atoms,  the  electrons  absorbing  this  energy 
have  their  own  energy  increased  to  such  an  extent  that  they  are  shot 
off  from  the  surface  of  the  metal,  leaving  it  positively  charged.  This 
phenomenon,  discovered  by  Hallwachs  in  1888,  is  called  the  photo- 
electric effect. 

There  is  1,  the  normal  photo-electric  effect,  shown  by  a  great  number 
of  substances,  in  which  the  number  of  electrons  shot  off  increases  with 
decreasing  wavelength  of  the  incident  light;  and  2,  the  selective  effect, 
shown  only  by  the  alkali  metals,  in  which  a  great  number  of  electrons 
are  shot  out  by  light  of  a  particular  wavelength  in  a  particular  state  of 
polarization  (see  fig.  5).  This  region  of  maximum  activity  may  be  at 
relatively  long  wavelengths;  rubidium  470)u/x,  potassium  435/x)Lt,  sodium 
340mm,  etc.  Metals  in  general  show  photo-electric  activity,  their  rela- 
tive activity  varying  with  surface  conditions.  MetaUic  compounds, 
especially  sulphur  and  halogen  compounds,  show  photo-electric  action 
and  are  also  extremely  phosphorescent.  Many  non-metallic  compounds, 
particularly  many  of  the  aniline  dyes,  are  photo-electrically  active. 
In  metals,  where  absorption  takes  place  in  a  surface  film,  electrons  es- 
cape easily  and  a  positive  charge  is  left.     This  is  also  true  of  the  photo- 
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electric  dyes  in  a  solid  form.  In  liquids,  where  the  penetration  is  deeper, 
the  electrons  do  not  escape  so  easily  and  besides  the  emission  of  elec- 
trons, there  is  often  an  increase  in  the  electrical  conductivity  of  the 
solution.  This  happens  also  in  some  solids,  of  which  selenium  is  the 
most  noteworthy  example.    The  true  photo-electric  effect  (i.e.,  escape 
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Fig.  6.  Typical  curves  showing  the  normal  and  selective  photo-electric  effects. 


of  electrons  from  the  surface)  is  usually  stiimilatc»(l  only  by  far  ultra- 
violet light,  which  is  aUsorbcd  in  a  surface  film.  Inner  photo-electricity, 
or  ionization  due  to  light,  which  shows  as  an  increased  conductivity, 
IH  due  to  light  of  longer  wavelcnt^tli  wiiich  penetrates  into  the  li(]uid  or 
Bolid  in  question,  and  the  region  of  uia.ximum  activity  in:i\  lie  in  the 
vittiblc  or  infrared. 
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The  principal  experimental  results  to  be  explained  bj^  theories  of 
photo-electric  action  are  these:  a,  uniform  velocity  of  electrons  for  light 
of  a  given  wavelength ;  h,  velocity  of  electrons  independent  of  intensity 
of  light;  c,  number  of  electrons  proportional  to  intensity  of  light  ;c?,  num- 
ber and  velocity  of  electrons  increase  with  decreasing  wavelength  (i.e., 
increasing  frequency)  of  exciting  light;  e,  number  and  velocity  of  elec- 
trons independent  of  temperature;  /,  with  increasing  wavelength  (de- 
creasing frequency)  the  effect  becomes  0  (i.e.,  there  is  a  threshold  fre- 
quency vo,  such  that  no  light  of  frequency  less  than  vq  causes  emission 
of  electrons  and  any  light  of  frequency  greater  than  vo  causes  some  emis- 
sion.) Many  physicists  prefer  to  believe  that  light  acts  through  res- 
onance, the  energy  of  the  orbital  motion  of  the  electron  being  gradually 
increased  by  sympathetic  light  vibrations  until  the  electron  is  able  to 
escape  from  the  control  of  the  forces  binding  it  to  the  atom.  Usually, 
however,  the  photo-electric  effect  is  interpreted  in  terms  of  the  quantum 
theory.  It  is  supposed  that  the  kinetic  energy  of  an  electron  is  in- 
creased by  the  energy  of  one  light  unit  =  E  =  quantum  of  light  energy 
=  hv,  where  v  is  the  frequency  of  the  light  and  his  a  universal  constant. 
If  this  whole  energy  is  given  to  one  electron,  and  none  is  lost  by  sub- 
sequent coUision,  it  leaves  the  body  with  energy  =  ^  mv^  =  hv  —  P, 
where  P  is  energy  lost  in  getting  out  of  the  atom.  The  energy,  hence 
the  velocity,  of  the  emitted  electron  thus  obviously  increases  with  in- 
creasing frequency  (decreasing  wavelength).  Suppose  F  =  +  poten- 
tial just  necessary  to  prevent  the  electron  from  leaving  the  body. 
Then  Ve  =  \  mv^  =  hv  —  P.  The  long  wavelength  limit  of  the  photo- 
electric effect,  or  the  photoelectric  threshold,  is  that  frequency  (j/q)  for 
which  the  electron  escapes  with  zero  energy.     It  is  therefore  given  by 

so  that  hvQ  is  the  work  required  for  an  electron  to  escape  from  the  atom 
and 

This  equation  has  been  verified  experimentally. 

The  existence  of  this  threshold  frequency  (1*0)  is  one  of  the  most 
striking  features  of  photo-electric  action.  It  signalizes  a  sharp  and 
absolute  discontinuity  in  the  phenomenon.  It  is  a  perfectly  definite 
quantity  when  the  condition  of  the  body  is  definitely  specified  but  it  is 
extraordinarily  sensitive  to  minute  changes  in  surface  conditions,  such 
as  is  caused  by  the  presence  of  extremely  attenuated  films  of  foreign 
matter.    The  importance  of  this  change  in  threshold  has  only  recently 


300  JANET  H.   CLARK 

been  appreciated ,  and  so  far  few  experiments  have  been  done  on  it .  A  much 
larger  number  of  investigations  has  been  carried  out  on  the  change  in 
the  total  photo-electric  current  (photo-electric  sensitivity  to  unresolved 
light)  under  different  conditions.  It  is  very  probable  that  these  changes 
are  due  to  a  shift  in  photo-electric  threshold,  a  shift  toward  the  red 
making  a  greater  portion  of  the  spectrum  active  and  thereby  increasing 
the  total  current.  Pohl  and  Pringsheim  (74)  found  that  the  photo- 
electric threshold  of  newly  distilled  calcium  amalgam  moved  from  350 
to  600/x/i,  and  that  of  magnesium  amalgam  from  350  to  5o0nfj.  in  24 
hours,  without  apparent  cause.  In  the  near  future  much  more  informa- 
tion on  this  important  point  will  undoubtedly  be  available. 

Throughout  this  paper,  and  throughout  all  the  literature  on  light 
action,  there  has  been  continual  reference  to  the  phenomenon  of  fluores- 
cence. This  term  is  often  vaguely  understood.  The  term  lumines- 
cence is  a  convenient  one  to  include  all  cases  in  which  there  i&  an  emis- 
sion of  light.  We  distinguish  between  electroluminescence,  due  to 
such  agencies  as  cathode  rays;  triboluminescence,  due  to  friction  and 
crushing;  chemiluminenscence,  due  to  chemical  action  (to  this  type 
belongs  the  bioluminescence  of  fireflies  and  sea  animals,  which  latter  is 
unfortunately  spoken  of  usually  as  phosphorescence) ;  and  photolumines- 
scence,  due  to  light. 

In  electroluminescence  we  can  see  that  the  excitation  must  be  closely 
connected  with  the  displacement  or  separation  of  electrons  from  the 
atonLS  of  the  substance.  In  triboluminescence,  bearing  in  mind  the 
facts  of  frictional  electricity,  it  is  also  probable  that  displacement  or 
separation  of  electrons  must  take  place.  In  chemiluminescence  we  have 
the  rupture  of  a  chemical  bond  (displacement  of  a  valency  electron).  So 
when  we  come  to  photoluminescence  it  is  natural  to  suppose  that  the 
separation,  either  partial  or  complete,  of  electrons  from  the  atom  is 
an  important  stage  in  the  process  by  which  omission  of  light  is  brought 
about. 

Photoluminescence  includes  both  fluorescence  and  phosphorescence. 
In  both  cases  light  of  one  wavelength,  falling  on  a  substance,  results  in 
the  emission  of  light  of  anotluM*  and  longer  wnvclongth.  J-'or  instance, 
quinine  shines  with  visible  blue  light  when  illuminated  by  ultraviolet. 
Luminescence  olwjervod  only  while  the  oxcit  ing  ligljt  acts  is  called  fluores- 
cence, and  tluit  which  continues  after  the  st  iniulus  ceases  is  phosphores- 
cence. Generally  speaking,  liiiuids  and  vapors  are  fluorescent,  and 
solids  show  lx)th  fluoreHcenc(>  an<l  phosphorescence.  Lonard  and 
Saeland  (75)  hiivc  shown  tiuit  phosphorescent  solids  are  usuully  photo- 
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electric  and  Stark  and  Steubing  (76),  in  studying  organic  compounds, 
showed  that  those  which  fluoresce  easily  are  generally  photo-electrically 
active  in  a  solid  form.  This  is  not  easily  observed  in  solutions  since  the 
emitted  electrons  are  caught  by  the  molecules  of  the  solvent  and  do  not 
escape,  and  the  photo-electric  effect  becomes  latent  (77). 

When  exciting  light  falls  on  a  fluorescent  substance  we  may  suppose 
that  electrons  are  separated,  partially  or  completely,  from  their  parent 
atoms,  but  that  this  separation  represents  an  unstable  condition  and 
recombination  takes  place  with  the  emission  of  light.  In  the  case  of 
phosphorescence,  a  finite  time  elapses  between  the  separation  of  the 
valency  electrons  and  their  return.  Although  fluorescence  in  general 
is  accompanied  by  photo-electric  action,  this  is  not  essential  since  the 
separation  of  the  electrons  may  be  only  partial.  We  therefore  can 
regard  fluorescence  and  phosphorescence  as  evidences  of  a  complete,  or 
incomplete,  separation  of  electrons  under  the  action  of  light,  with  a 
subsequent  return  to  the  atom. 

From  the  point  of  view  of  modern  physics,  we  may  regard  it  as  practi- 
cally certain  that  the  first  stage  in  any  photochemical  reaction  consists 
in  the  separation  of  valency  electrons  under  the  influence  of  light.  In 
the  true  photo-electric  effect  the  electrons  are  lost  from  the  substance, 
in  fluorescence  they  return  to  their  original  atom,  in  photochemical 
reactions  they  attach  themselves  to  some  other  atom,  or  group  of  atoms. 
In  general,  maximum  fluorescence  is  given  by  wavelengths  too  long  to 
produce  any  photo-electric  action  at  all.  In  other  words,  under  visible 
light  the  energy  absorbed  by  an  electron  (hv)  is  too  small  to  separate  it 
completely  from  the  atom.  Pauli  (78)  studied  the  ratio  of  the  intensity 
of  fluorescent  light  to  exciting  light,  and  also  the  degree  of  photo- 
electric action,  as  a  function  of  the  wavelength  of  the  exciting  light.  In 
the  substances  used,  maximum  fluorescence  was  stimulated  by  visible 
light  from  400  to  500mm,  whereas  the  photo-electric  effect  began  in  the 
ultraviolet  and  increased  with  decreasing  wavelength.  The  two  effects, 
however,  overlapped  over  a  considerable  range.  Thus,  in  the  presence 
of  very  great  photo-electricity,  there  would  be  little  chance  of  fluores- 
cence and  photochemical  action  would  be  confined  to  a  surface  film. 
In  cases  of  very  strong  fluorescence,  with  only  a  partial  separation  of 
electrons  and  a  swift  return  to  the  original  atom,  there  would  be  few 
electrons  lost  or  joined  to  new  atoms,  and  therefore  little  photo-electric 
or  photochemical  action.  But  at  intermediate  stages  all  three  might 
occur  simultaneously,  and  constitute  three  different  possible  manifesta- 
tions of  the  displacement  of  valency  electrons  as  the  result  of  the  absorp- 
tion of  light  energy. 
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One  photochemical  reaction,  which  is  universally  familiar  and  of 
special  use  as  an  analogy  in  physiological  actions,  is  the  formation  of  an 
image  on  a  photographic  plate.  Joly  (79) -is  responsible  for  an  explana- 
tion of  this  reaction  which  is  a  necessary  step  in  the  development  of 
this  theory.  He  advanced  the  theory  that  "the  beginnings  of  photo- 
graphic action  involve  an  electronic  discharge  from  the  light  sensitive 
silver  halide  molecule.  In  other  words,  the  latent  image  is  built  up  of 
ionized  atoms  or  molecules  upon  which  the  chemical  effects  of  the  de- 
veloper are  subsequently  directed."  In  support  of  this  it  is  known  that 
silver  halides  are  vigorously  photo-electric,  with  their  activity  in  the 
descending  order,  bromide,  chloride,  iodide  (the  same  order  as  their 
photographic  sensitiveness).  Also  photographic  images  are  produced 
by  x-rays  and  radium,  which  are  strong  ionizing  agents.  It  maj';  be 
that  the  ionization  brings  about  a  chemical  change  and  that  the  chemical 
product  is  the  latent  image,  but  as  the  latent  image  can  be  formed  at 
temperatures  approacliing  absolute  zero,  this  explanation  is  not  likely. 
If  a  gel  containing  silver  halide  grains  is  illuminated,  the  photo-electrons 
emitted  move  out  with  velocities  depending  on  the  wavelength  of  the 
hght  and,  when  illumination  ceases,  there  is  a  charged  grain  surrounded 
by  gel  in  which  negative  electrons  are  disseminated,  the  radius  of  the 
sphere  of  distribution  depending  on  the  velocity  of  the  electrons  emitted. 
The  developer  then  reacts  chemically  with  this  latent  image  to  effect 
reduction  of  the  silver  halide  grains.  On  this  theory  a  very  complete 
explanation  of  photographic  reversal  is  possible  (80). 

To  this  theory,  as  given  by  Joly,  the  following  suggestion  should  be 
added  which,  so  far  as  the  author  knows,  has  not  been  given  before. 
An  unscnsitized  plate  responds  only  to  short  wavelengths,  which  is  to 
be  expected  ljecau.se,  except  for  the  selective  effect,  photo-electric  action 
is  given  only  by  short  wavelengths.  After  sensitization,  plates  respond 
to  longer  wavelengths.  Since  sensitizers  are  many  of  them  known  to 
\xi  photo-electric  it  8<?cmed  at  first  that  they  might  possess  selective 
photo- electricity  in  the  region  of  their  absorption  bands,  thus  making 
the  plates  photo-elect rically  active  at  longer  wavelengths.  But  since 
the  photo-electric  activity  of  the  sensitizers  so  far  investigated  is  not 
of  the  selective  type,  this  is  not  supported.  It  seems  more  likely  that 
the  sonsitizers  act  by  shifting  (ho  photo-electric  threshold  of  the  active 
silver  halide  particles  to  longer  wavelength.s  so  tiiut  they  become  photo- 
electrically  active  and  capable  of  forming  a  latent  image  throughout  the 
vJHiblc,  and  even  into  the  infrared. 

If  we  now  conMJder  the  physiological  actions  of  light  on  this  theory  wo 
see  that  they  fall  in  lino  very  easily.    For  light  of  wavelength  less  than 
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SOO nfjL  we  get  intense  reactions,  due  primarily  we  may  suppose  to  the 
ionization  of  photo-active  elements  in  the  skin  and  blood  of  higher  ani- 
mals, and  in  the  protoplasm  of  lower  animals.  This  is  analogous  to  the 
formation  of  the  latent  image  in  photography.  Subsequent  chemical 
action  on  these  ionized  substances  produces  changes  which,  in  certain 
cells,  result  in  the  formation  of  the  pigment  melanin.  In  the  particular 
case  of  pigment  formation  one  might  guess  that  ty rosin  was  the  photo- 
active element  involved.  Besides  pigment  formation  in  the  basal 
epithelial  cells  there  are  undoubtedly  many  other  photochemical  re- 
actions induced  by  the  ionized  condition  due  to  Hght.  Ordinarily,  Hght 
of  longer  wavelength  is  ineffective  in  producing  physiological  changes 
but  the  living  cell,  hke  the  photographic  plate,  can  be  sensitized.  In 
the  presence  of  certain  substances,  such  as  eosin  and  hematoporphyrin, 
the  photo-electric  threshold  of  the  cell,  or  of  some  of  its  constituents, 
shifts  towards  longer  wavelengths  and  we  get  the  same  chemical  changes 
initiated  by  visible  light  that  we  usually  get  only  with  ultraviolet. 
These  changes  naturally  take  place  at  the  absorption  bands  of  the  sen- 
sitizer where  the  greatest  amount  of  light  energy  is  absorbed  and  made 
available  for  transformation  into  electronic  energy.  This  shift  in 
photo-electric  threshold  is  easily  brought  about  in  vitro,  giving  rise  to 
the  many  results  obtained  in  photodynamic  investigations.  In  vivo  it 
happens  only  rarely,  hematoporphyrin  alone  being  capable  of  creating 
any  marked  sensitivity  to  visible  light.  There  is  considerable  evidence 
to  show  that  diseased  tissue  is  more  susceptible  to  radiations  than  normal 
tissue.  To  push  the  photographic  analogy  further,  we  may  assume  that 
normal  tissue  acts  like  a  slow  plate,  and  diseased  tissue  like  a  fast  one. 

In  the  green  plant  one  may  suppose  that  the  chlorophyll  produces  a 
sensitized  condition  to  visible  light  and  makes  it  normally  photo-active 
to  long  wavelengths,  at  the  same  time  giving  greater  absorption  in  the 
visible.  An  analogy  between  chlorophyll  and  the  sensitizers  of  a  photo- 
graphic plate  has  frequently  been  drawn  (81).  If,  as  has  been  postu- 
lated, the  sensitizer  acts  by  shifting  the  threshold  toward  the  red,  as 
well  as  by  increasing  the  absorption  in  the  visible,  the  plants  without 
chlorophyll  should  show  photo-synthesis  in  the  ultraviolet.  Experi- 
ments by  Stoklasa  (82)  show  that,  in  etiolated  plants,  the  formation  of 
chlorophyll  proceeds  at  a  greater  rate  under  the  quartz  mercury  arc  than 
in  sunlight.  So  it  seems  probable  that  the  early  stages  of  photo- 
synthesis proceed  faster  in  ultraviolet  light  and  result  in  the  formation 
of  chlorophyll  which  then  protects  the  plant  against  an  overdose  of 
ultraviolet,  and  sensitizes  it  so  that  synthesis  then  proceeds  in  the 
visible. 
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Reasoning  along  this  line  leads  one  to  suppose  that  the  pigment  in 
human  skin  may  act  in  a  somewhat  similar  way,  forming  under  ultra- 
violet light,  and  then  acting  as  a  sensitizer  so  that  wavelengths  greater 
than  300/xM  become  active  in  producing  physiological  effects.  If  this 
were  true  one  would  expect  the  good  results  of  heliotherapy  only  after 
pigmentation  had  taken  place.  If,  on  the  contrary,  the  chemical  action 
resulting  in  the  fonnation  of  pigment  is  the  principal  source  of  benefit, 
one  would  expect  good  results  chiefly  during  the  period  of  pigment 
formation. 

The  theory  stated  above  can  be  summarized  as  follows.  Light  shorter 
than  300/iM  acts  on  the  living  cell  by  ionizing  its  photo-electric  con- 
stituents, and  thereby  leading  to  photochemical  action.  Light  longer 
than  300juju  acts  in  the  same  way  in  the  presence  of  sensitizers,  which  so 
affect  the  surface  conditions  of  these  constituents  that  their  photo- 
electric threshold  is  shifted  into  the  visible,  and  they  therefore  become 
ionized,  with  resulting  chemical  action,  when  illuminated  by  visible  or 
near  ultraviolet  light. 

This  theory  is  based  on  purely  theoretical  considerations,  but  a  recent 
paper  by  Schanz  (83),  written  in  support  of  a  different  view,  contains 
experimental  results  which,  although  in  no  sense  a  proof,  give  more  sup- 
port to  the  theory  here  described  than  to  that  adopted  by  him.  Schanz 
found  that  egg  albumin  is  photo-electric  and  then  examined  its  activity 
when  combined  with  various  photo-electric  fluorescent  dyes  some  of 
which  are  sensitizers  and  some  not.  Some  of  his  results  are  given  in 
table  5. 

Schanz's  explanation  is  that  the  sensitizers  emit  electrons  which,  by 
ionizing  the  molecules  of  the  egg  albumin,  effect  in  it  a  chemical  change. 
However,  as  none  of  the  fluorescent  substances  used  show  any  photo- 
electric effect  for  light  through  glass,  there  is  no  reason  to  suppose  that 
they  would  by  their  own  photo-electricity  sensitize  to  visible  light.  If, 
however,  the  combination  of  egg  albumin  and  a  sensitizing  dye  resulted 
in  shifting  the  photo-electric  threshold  of  either  toward  the  red,  with 
resulting  photo-electric  action  for  wavelengths  greater  than  33(Vm, 
there  would  then  be  reason  to  exjxu't  photo-nctivity  in  the  visible  and 
near  ultraviolet.  The  fact  that  Hchanz  found  eosin  and  egg  ull)uinin 
together  more  photo-electric  than  either  alone  makes  it  probable  that 
thifi  actUiilly  occurred.  Sciinnz  however  did  not  investigate  the  long 
wavelength  limit  of  the  effect  and  experhuents  are  now  in  progress  in 
this  laboratory  to  test  this  point  and  to  see  whether,  in  general,  sub- 
stances sensitiztMl  so  as  to  react  in  visible  light,  also  show  a  shift  in 
photo-electric  threshold. 
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A  number  of  scattered  results  give  considerable  evidence  in  favor  of 
a  photo-electric  theory  of  photosynthesis.  Becquerel  (84)  exposed 
collodion  films  containing  silver  bromide  and  chlorophyll  to  the  solar 
spectrum  and  found  reduction  of  the  silver  bromide  in  bands  corre- 
sponding to  the  absorption  bands  of  chlorophyll,  and  therefore  to  the 
region  of  photosynthesis.  Dixon  and  Poole  (85)  found  no  photo- 
electric action  in  visible  light  in  acetone  extracts  of  pulverized  leaves, 
as  measured  by  the  discharge  of  electrons  from  the  surface.  On  the 
other  hand  Waller  (86),  Ries  (87)  and  Samsonov  (88)  have  all  found 
that  the  Becquerel  effect  (production  of  a  current  by  illumination  of 
one  electrode)  was  very  marked  when  chlorophyll  was  used  as  the  elec- 
trolyte.   The   maximum   action   in   visible  light  was  in  the  red,  and 


TABLE  5 


8UBSTANCK 


Fuchsin  +  H2O 

Fuchsin  and  egg  albumin 

Methylene  blue  +  H2O 

Methylene  blue  and  egg  albumin 

Fluorescein  +  HjO 

Fluorescein  and  egg  albumin 

Eosin  +  H2O 

Eosin  and  egg  albumin 

Egg  albumin  +  HjO 


LEAK  OP 
ELBCTROUETER 
IN  3  MIXCTEa 


Divisions 

100.00 
40.00 

100.00 
7.70 

2.86 
2.63 

1.18 
6.06 

1.85 


there  was  no  effect  in  the  green,  again  corresponding  to  the  region  of 
photosynthesis.  This  tends,  indirectly  to  support  the  general  theory 
of  light  action  given  above. 

The  importance  of  light  in  initiating  chemical  and  physiological  re- 
actions has  not  been  generally  recognized  in  the  past  and  perhaps  should 
not  be  stressed  too  much  now,  without  further  experimental  facts  to 
substantiate  it.  But  in  closing,  reference  may  be  made  to  a  remarkable 
paper  recently  published  by  Perrin  (89)  in  which  he  boldly  makes  the 
hypothesis  that  all  chemical  reaction  is  initiated  by  the  absorption  of 
radiation  (heat,  light,  etc.),  and  that  the  speed  of  the  reaction  is  deter- 
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mined  by  the  intensity  of  this  radiation.  He  represents  all  chemical 
changes  by  equations  of  the  type 

A-\-hv  =  A'-{-hif' 

Matter  in  a  state  of  stable  equilibrimn  A ,  on  the  absorption  of  a  quan- 
tum of  energ>'  hv,  goes  into  a  state  of  equilibrium  A'  with  the  emission  of 
a  quantum  of  energy  hv',  and  vice  versa  for  a  reaction  of  a  reversible 
type;  h(v—v')  represents  the  heat  of  reaction,  and  for  the  particular 
reaction  302^203,  which  he  considers  in  detail,  where  v  and  v'  are  the 
ultraviolet  absorption  frequencies  of  oxygen  and  ozone  (wavelengths 
IQojjLfi  and  260/xm  respectively)  the  heat  of  reaction  is  actually  closely 
represented  hyh(v—v').  On  this  theory  all  chemical  change  A  -^  A'  is 
initiated  by  the  absorption  of  radiation  of  frequency  v  and  proceeds 
with  the  emission  of  fluorescent  radiation  of  frequency  /,  which  may 
be  in  the  infrared  and  hence  invisible.  This  is  only  a  hypothesis  as  yet 
but  it  leads  to  a  satisfactory  explanation  of  certain  facts  about  the  veloc- 
ity of  chemical  reactions  which  were  not  explained  on  the  older  kinetic 
theory.  Recent  calculations  by  Langmuir  (90)  show  that  Perrin's 
theory  does  not  apply  to  many  cases  of  molecular  dissociation  in  the 
simple  form  given  above  but  suggest  an  additional  source  of  energy  for 
which  the  radiation  may  act  as  a  releasing  trigger.  There  is,  however, 
in  the  paper  a  suggestion  that  photo-electric  action  in  an  enlarged  sense 
may  be  one  of  the  most  fundamental  and  important  occurrences  in 
nature. 
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TABLE  6 
Emission  spectra  of  various  sources  in  the  visible  and  ultraviolet 


Sunlight. 


Quartz  mercury  arc 


Electric  sparks. 


Hydrogen  discharge  tube 

Carbon  arc 

Iron  arc 

Tungsten  arc 


Continuous  spectrum,  except  for  the  absorption  of 
the    Fraunhofer    lines.     Short    wavelength    limit 

=  291fin,  due  to  the  absorption  of  ozone  in  the  upper 

atmosphere. 
Discontinuoxis  spectrum  giving  a  number  of  bright 

lines  from  230yuM  to  579  ma».    There  are  a  number  of 

weak  lines  below  230,  the  shortest  being  185.    The 

arc  itself  emits  shorter  lines  which  are  absorbed 

by  the  quartz. 
Discontinuous.    Many  sparks  give  lines  of  shorter 

wavelength  and  greater  intensity  than  the  mercury 

arc.     The  aluminum  spark  gives  strong  lines  at 

185,  186,  193  and  199M/i. 
Discontinuous.     Relatively  feeble  in  the  visible  but 

rich  in  very  short  wavelengths.     If  filtered  through 

fluorite  there  are  a  large  number  of  lines  between 

103  and  165ma(. 
Band  spectrum,  rich  in  near  ultraviolet  but  weak 

beyond  300AtA«,  practically  nothing  below  240  yu/*. 
Very  rich  line  spectrum  with  lines  so  close  that  it 

amounts  almost  to  a  continuous  spectrum  as  far 

as  230/1/*  ■ 
Richer  in  lines  than  the  iron  arc,  especially  good  in 

the  ultraviolet  as  far  as  210/i/i. 


TABLE  7 
Transparency  limits  in  the  ultraviolet 


SUBSTANCE 


Fluorite  (1-2  mm.  thick) 

Crystalline  quartz  (0.2  mm.  thick) 
Crystalline  quartz  (2.0  mm.  thick) 

Rock  salt  (2  mm.) 

Clear  quartz  glass  (fused  silica)... 

Uviol  glass 

Common  soda  glass  (0.2  mm.) 

Common  soda  glass  (2.0  mm.) 

Water 

Air 


LIMIT  OF 
TRANSMISSION 


MM 
125 

145 
150 
177 
180 
280 
300 
330 
190 
180 


THE  MECHANISM  OF  MUSCULAR  CONTRACTION 

A.  V.  HILL 
From  the  Physiological  Laboratory,  Manchester,  England 

In  1914,  the  present  writer  prepared  a  review  (33),  for  the  Ergebnisse 
der  Phj'siologie,  on  the  relation  between  the  heat-production  of  muscles 
and  the  chemical  processes  taking  place  in  them.  An  account  and 
bibliography,  up  to  that  date,  of  the  work  relevant  to  the  present  sub- 
ject was  given  there,  and  it  not  proposed  to  cover  this  ground  again, 
except  insofar  as  more  recent  investigations  require  a  revision  of,  or 
reference  to,  the  earlier  work.  Neither  is  it  proposed  to  discuss  in 
general  the  theory  of  muscular  contraction;  the  following  pages  are 
confined  rather  to  an  account  of  the  various  physical,  chemical  and 
mechanical  phenomena  exhibited  by  the  active  muscle,  together  with 
a  speculation  on  their  immediate  causes.  At  present  the  phenomena 
themselves  are  complex  enough,  and  ill-understood,  and  until  we  have 
an  adequate  foundation  of  fact  it  is  worse  than  useless  to  erect  an  edifice 
of  theory  which  will  certainly  topple  down,  as  all  theories  of  contraction 
have  done  before. 

Part  i.  Mechanical  phenomena.  Evidence  was  given  by  A.  V. 
Hill  (28),  (31),  and  by  Hartree  and  A.  V.  Hill  (23)  (24),  that  it  is  simpler 
to  regard  the  potential  energy  set  free,  rather  the  actual  work  done, 
as  the  mechanical  end-product  of  physiological  activity  in  muscle. 
This  potential  energy,  which  we  will  term  the  "  theroretical  maximum 
work,"  Wo,  is  widely  different  from  W,  the  work  actually  realisable  in 
practice.  The  difference  is  due  to  several  factors:  a,  to  the  conditions 
of  loafling — if  the  load  l)c  too  heavy  the  nmscle  cannot  move  it,  and  no 
work  will  lx»  done:  if  it  be  too  light  the  muscle  cannot  exert  its  full 
strength,  and  the  work  will  be  reduced:  and  between  these  limits  every 
value  of  the  load  tends  to  waste  some  of  the  theoretical  maximum  work, 
Wo',  b,  to  the  fact  that  (in  a  twitch  or  a  short  tetanic  contraction) 
relaxation  may  have  commenced  before  the  shortening  is  complete: 
and  c,  to  the  viscous  resistance  of  the  nuiscle  to  a  rapid  change  of  form. 
The  actual  work  W  is  dctcmiined  then^fore  l)y  the  manner  and  speed 
with  which  the  shortening  is  carried  out,  while  the  theroretical  maxi- 
mum work  Wt  dcjxinds  only  on  the  stimulus,  and  on  the  condition, 
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temperature,  and  length  of  the  muscle  fibers.  Hence,  in  comparing 
the  mechanical  with  the  thermal  (or  the  chemical)  response  of  muscle, 
it  is  desirable  to  employ  the  theoretical  maximum  work  Wo  as  the 
basis  of  comparison. 

The  theoretical  maximum  work.  If  the  force  exerted  by  a  stretched 
elastic  body  be  plotted  against  the  distance  through  which  it  has  been 
stretched,  we  obtain  a  "stress-strain  diagram,"  the  area  of  which  gives 
the  amount  of  work  expended  in  the  stretching.  If  the  elastic  body  be 
one  which  does  not  show  the  phenomena  of  "after-extension,"  i.e.,  does 
not  continue  to  strain  when  a  constant  stress  is  applied,  the  same  amount 
of  work  can  be  recovered  by  allowing  the  body  to  shorten  again.  The 
theoretical  maximum  work  Wo,  or  the  potential  energy,  of  the  stretched 
elastic  body,  is  then  equal  to  the  area  of  the  stress-strain  curve,  and 
can  be  determined  by  experiment  and  calculation.  If  however  the  body, 
like  rubber,  be  one  showing  the  phenomena  of  after-extension,  the  work 
done  in  stretching  will  be  equal  to  the  work  recoverable  in  shortening 
only  if  both  processes  he  carried  out  indefinitely  slowly.  If  either  process 
be  carried  out  at  a  finite  speed,  a  finite  proportion  of  the  work,  or  of 
the  potential  energy,  will  be  dissipated  irreversibly  by  internal  friction 
as  heat.  Muscle  shows  the  phenomena  of  after-extension  in  an  exag- 
gerated form  (see  Hartree  and  A.  V.  Hill,  (27)). 

Suppose  that  a  muscle  be  subjected  to  a  stimulus  of  known  strength 
and  duration,  and  allowed  to  shorten  freely  to  a  length  x,  after  which  it 
comes  up  against  a  dynamometer  of  some  kind,  and  the  force  /  which 
it  can  exert  isometrically  at  that  length  is  measured.  We  thus  obtain 
a  curve  relating  force  to  length,  and  the  area  of  this  curve  gives  the 
theoretical  maximum  work  Wo  of  the  excited  muscle  (31,  p.  450;  56, 
p.  145).  From  this  must  be  subtracted  the  work  done  in  giving  the 
muscle  its  initial  extension,  if  any.  The  precise  details  of  such  a  deter- 
mination of  Wo  are  still  a  matter  of  dispute  (see  e.g.,  Meyerhof  (56)), 
and  no  final  conclusion  can  be  said  yet  to  have  been  reached:  it  is 
clear,  however,  that  we  are  on  the  right  road  in  seeking  for  an  expression 
of  some  kind  for  the  maximum  work  theoretically  available  in  muscular 
activity.  In  any  actual  shortening,  either  of  an  active  muscle  or  of  a 
muscle  passively  stretched,  the  amount  of  work  obtainable  is  less  than 
this  theoretical  maximum,  owing  to  the  fact  that  the  muscle  can  exert 
its  maximum  force  at  any  length  only  if  it  be  given  a  considerable  time 
at  that  length  to  develop  it.  This  is  due  to  the  same  cause  as  the 
phenomena  of  after-extension  in  muscle,  viz.,  to  the  viscous  resistance 
of  the  muscle  substance  to  a  rapid  change  of  form.     (See  fig.  1.)     This 
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phenomenon  of  after-extension  is  presumably  due  to  the  fact  that  muscle 
consists  of  a  fine  elastic  network,  containing  a  viscous  fluid.  Any 
change  of  shape  necessitates  a  flow  of  fluid  to  a  new  position,  and  if  a 
force  be  applied  to  the  muscle  it  will  be  used,  partly  in  stretching  the 
network,  and  partly  in  driving  the  viscous  fluid  of  the  muscle  through  it. 
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Fig.  1.  Relation  between  tension  and  extension  in  a  muscle.  The  full  curve 
OA  corresponds  to  a  very  slow  process  of  unloading  or  loading  the  muscle  from 
or  to  a  given  tension,  and  represents  a  "reversible"  process.  The  broken  curves 
represent  "irreversible"  processes  carried  out  more  or  less  rapidly.  The  curves 
OB  A,  OCA  and  ODA  correspond  to  loading  carried  out  rapidly,  the  most  rapid 
being  OB  A,  and  the  least  rapid  ODA.  The  curves  AB'O,  AC'O,  AD'O,  corre- 
spond to  unloading  carried  out  rapidly,  the  first  being  the  most  and  the  last  being 
the  least  rapid.  The  potential  energy  possessed  by  the  stretched  nuiscle  corre- 
sponds to  the  area  Oi4a:  the  work  done  in  stretching  it  rapidly  along  (say)  the 
curve  OCA  corresponds  to  the  area  OCAa:  the  work  obtained  from  it  on  unload- 
ing it  rapidly  corresponds  (say)  to  the  area  AC'a:  the  work  lost  and  degenerated 
into  heat  irreversibly  in  the  complete  cycle  corresponds  therefore  to  the  area 
OCAC. 

(Note. — The  curves  are  illu.strative  only  and  do  not  represent  an  actual 
observation.) 


The  realisable  work.  Most  modes  of  contraction  arc  inefficient. 
Either  a,  the  load  is  too  great  and  the  muscle  cannot  finish  its  shortening; 
or  b,  the  load  is  too  small  an<l  tlio  inusdo  cannot  oxort  its  full  foico; 
or  c,  relaxation  has  set  in  before  the  .sliorlcning  is  complctp.  In  each 
caac  only  a  fraction  of  the  available  potential  energy  is  realised  as  work: 
the  rest  is  wasted  as  heat  in  the  muscle.  It  is  poHsiblo  complctoly  to 
avoid  losses  due  to  a  and  b  l)y  opposing  the  contrnctilc  forcc^  of  the 
muscle,  not  to  a  load  but  to  the  inertial  reaction  of  a  mass:  in  this  case 
the  "reaction"  of  the  mass  adjusts  itself  exactly,  neither  more  nor  less, 
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to  the  "action"  exerted  on  it  by  the  muscle,  and  the  potential  energy 
of  the  muscle  is  free  to  be  transformed  into  the  kinetic  energy  of  the 
mass.  By  varying  the  size  of  the  mass  the  time  occupied  in  the  shorten- 
ing may  be  varied,  and  so  adjusted  that  the  shortening  is  complete  be- 
fore relaxation  has  commenced.  In  this  way  we  may  avoid  all  losses 
due  to  the  factors  a,  b,  and  c  above.  There  remains  however  one  loss 
which  we  cannot  eliminate,  that  due  to  the  internal  friction  of  the 
muscle  substance  itself. 

Poiseuille's  formula  for  the  flow  of  a  viscous  fluid  in  a  capillary  tube 
states  that  the  volume  of  fluid  driven  through  per  second  is  proportional 
to  the  pressure :  in  other  words,  the  work  done  (and  dissipated  as  heat) 
in  driving  a  given  quantity  through  is  proportional  to  the  speed  with 
which  the  process  is  carried  out.  Turning  to  the  case  of  a  muscle,  if  the 
mass  against  whose  reaction  it  pulls  be  large,  and  if  its  contraction  be 
maintained,  its  speed  of  shortening  will  be  small,  and  little  of  its  poten- 
tial energy  will  be  wasted  in  overcoming  its  own  viscous  resistance  to  a 
change  of  form.  Under  such  conditions  the  kinetic  energ>'  produced 
should  approximate  to  the  theoretical  maximum  work  Wo-  If,  however, 
the  shortening  has  to  occur  within  a  limited  space  of  time,  as  e.g.,  in  a 
twitch,  the  mass  cannot  be  made  very  large,  and  the  force  exerted  by  the 
muscle  at  any  length  will  be  balanced,  partly  by  the  reaction  of  the 
mass,  partly  by  the  frictional  resistance  of  the  muscle  substance  itself  to 
a  rapid  change  of  form.  The  latter  factor  will  cause  W,  the  actual 
work  done,  to  be  appreciably  less  than  Wo,  the  elastic  potential  energy, 
the  difference,  (Wo—W),  being  dissipated  as  heat  within  the  substance 
of  the  muscle.  This  has  been  shown  in  two  ways:  a,  by  Hartree  and 
A.  V.  Hill  (27,  p.  165)  on  isolated  muscles  passively  extended,  the  more 
rapid  the  shortening  the  less  being  the  external  work  done:  and  h,  by 

A.  V.  Hill  (35)  on  human  muscles,  the  proportion  wasted,  viz.,  -^ 

Wo 

of  the  total  potential  energy  developed,  increasing  with  the  speed  of 

shortening  according  to  the  formula : 

(Wo  -  W)  ^  k 
Wo  t 

where  /b  is  a  constant  depending  on  the  viscosity  of  the  muscle  fluids, 
and  t  is  the  time  occupied  in  the  shortening.  The  work  done  can  be 
expressed  therefore  in  the  form 


W 
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This  expression  is  very  accurately  true  for  the  case  of  human  arm- 
muscles. 

The  muscle  twitch,  especially  at  higher  temperatures,  lasts  only  a 
little  time,  and  if  shortening  is  to  be  complete  before  relaxation  has  com- 
menced it  has  necessarily  to  occur  rapidly.  Consequently  a  consider- 
able proportion  of  the  theoretical  maximum  work  has  to  be  dissipated 
as  heat.  An  investigation  has  been  made  by  Doi  (11),  employing  an 
inertia  device  (34)  for  measuring  the  maximum  work,  of  the  quantity 

W 

—  ,  W  being  the  work  realised  in  a  maximal  twitch,  7" the  force  developed 

in  a  maximal  isometric  twitch,  and  I  the  unextended  length  of  the  muscle. 
The  value  found  was  about  0.04  at  15°C.,  and  was  practically  inde- 
pendent of  the  degree  of  extension.  The  calculation  of  the  potential 
energy  of  the  excited  muscle,  from  the  tension-length  diagram  (31,  p. 

Wo 

453),  gives  a  value  for  —  of  about  0.14:  hence  in  a  twitch  at  15°  the 

realisable  work  \V  is  only  about  §  to  ^  of  Wo,  the  potential  energy. 
Meyerhof  (56,  p.  154),  employing  analogous  means,  finds  that  the  work 
in  a  twitch  is  always  considerably  less  than  that  calculated  from  the 
diagram,  especially  in  cases  (e.g.,  rapid  twitches  at  a  high  temperature) 
where  theory  requires  a  greater  frictional  degradation  of  energy.  In 
prolonged  contractions,  on  the  other  hand,  he  has  shown  that  the  work 
realised  approximates  to  that  calculated  from  the  diagram.  If  the 
potential  energy  be  not  used  up  completely,  either  in  doing  external 
work,  or  in  the  irreversible  viscous  processes  associated  with  the  change 
of  form  of  the  muscle,  in  other  words,  if  shortening  be  not  complete  when 
relaxation  sets  in,  then  what  is  left  of  the  potential  energy  nuist  some- 
how be  dissipated  as  heat  in  relaxation.  Hartrec  and  A.  V.  Hill  (23) 
have  shown  that  there  is  a  consideral)lo  evolution  of  heat  during  relaxa- 
tion following  an  isometric  contraction,  and  this  would  s(^em  to  repre- 
sent— at  any  rate  in  part — the  heat-equivalent  of  the  potential  energy 
developed  during  contraction. 

If  a  muscle  Ix;  given  an  unsuitable  load  it  will  waste  its  mechanical 
potential  energy  in  one  of  two  ways:  if  its  load  be  too  small  it  will 
move  too  fa«t  and  so  dissipate  too  great  a  fract  ion  of  its  potcMitial  (Miergy 
in  viscoiu  processes  inside  it:  if  its  load  be  too  great  it  will  move  too  slow- 
ly, or  not  at  all,  and  will  disHipate  too  great  u  fraction  of  its  potential 
energy  in  relaxation.  TIuih  there  are  really  only  ttro  proccsHes  by  which 
the  theoreticul  nmxinmm  work  Wo  can  be  wasted  as  heat,  viz.:  a,  fric- 
tional lom,  due  to  the  rapid  change  of  form;  and  b,  relaxation.  In  any 
actual  contraction  both  factors  play  their  part. 
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Work  collectors.  Of  such  instruments  Pick's  " Arbeitsammler"  (17, 
p.  140)  is  perhaps  the  best  known.  The  same  author  described  a 
"Winkelhebel"  (17,  p.55),  and  a  "Schwunghebel"  (17,  p.  63)  the  prin- 
ciples of  which  have  been  used  by  Meyerhof  (56).  A.  V.  Hill  (34),  (27), 
(11)  has  described  an  inertia  lever  balanced  on  knife  edges,  for  use  with 
isolated  muscles,  and  (35)  a  flywheel  device  for  use  with  human  muscles. 
All  these  instruments  agree  in  principle  in  attempting  to  oppose  the 
contraction  of  the  muscle,  at  every  stage,  by  a  force  just  equal  to  the 
tension  it  can  exert.  In  order  to  secure  the  greatest  amount  of  work 
from  a  contracting  muscle  this  principle  is  necessary,  and  should  be 
embodied  in  anj'^  ergometer  by  the  use  of  a  suitable  inertia,  or  otherwise. 
In  the  case  of  human  muscular  movements  the  conditions  are  apt  to 
be  somewhat  altered  by  the  fact  that  the  mechanical  "gearing-up"  of 
the  muscles,  by  their  attachments  in  the  body,  may  decrease  as  shorten- 
ing proceeds,  a  fact  which  may  make  an  isotonic  contraction  much 
more  efficient  than  it  is  with  an  isolated  muscle.  The  subject  however 
of  mechanical  efficiency  is  dealt  with  below. 

The  isometric  contraction.  The  actual  shortening  of  a  muscle  is  a 
complex  process,  involving  a  variety  of  physical  and  mechanical  factors, 
in  addition  to  the  purely  physiological  ones  concerned  with  the  extent 
and  course  of  the  response.  In  order  to  eliminate  these  extraneous 
factors  it  is  advisable,  where  possible,  to  deal  with  rigidly  isometric  con- 
tractions. Physiological  literature  is  burdened  with  observations  which 
depend  rather  on  the  properties  of  levers  than  on  those  of  muscles,  and 
it  is  possible  to  avoid  any  mechanical  complication  by  employing  an 
isometric  spring-myograph,  with  good  sensitivity  and  high  natural 
frequency.     (See  (23  p.  115),  (65,  p.  245),  (10).) 

The  ejfects  of  tem-perature.  The  rate  of  development  of  the  isometric 
twitch  has  a  high  temperature  coefficient,  viz.,  about  2.5  for  10°C.,  and 
its  rate  of  disappearance  a  still  higher  one,  about  3.6  (25).  These 
point  to  chemical  reactions  as  the  basis  both  of  contraction  and  of 
relaxation.  Theories  of  muscular  activity  have  tended  to  neglect 
relaxation,  or  to  minimise  its  importance,  attributing  it  in  some  vague 
way  merely  to  a  reversal  of  contraction.  Its  high  temperature  coeffi- 
cient, however,  and  other  more  direct  evidence,  force  us  (see  p.  320 
below)  to  regard  it  as  a  positive  process,  due  to  its  own  special  chemical 
reactions,  and  in  no  way  subsidiary  to  the  other  processes  of  contraction. 

A  rise  of  temperature  affects  not  only  the  time-relations  of  a  twitch 
but  also  its  absolute  size.  At  any  but  extreme  initial  extensions  (10) 
the  effect  of  a  rise  of  temperatui'e  is  to  diminish  the  size  of  the  twitch, 
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in  the  same  way  as  it  diminishes  its  work  (11),  or  its  heat-production 
(12),  (24).  This  probably  arises  from  the  fact  that  the  amount  of  energy 
liberated  in  a  twitch  depends  upon  the  duration  of  the  change  evoked  by 
excitation,  this  duration  being  less  at  a  higher  temperature. 

Initial  extension.  It  was  shown  by  Evans  and  A.  V.  Hill  (16)  that 
the  force  developed  in  an  isometric  twitch  rises  at  first  as  the  initial 
extension  of  the  muscle  is  increased,  reaches  a  maximum,  and  then 
rapidly  decreases.  The  same  is  true  of  the  heat-production.  These 
experiments  have  been  confirmed  and  extended  by  Doi  (10),  (11),  (12), 
who  has  shown  moreover  that  the  maximum  work  exhibits  the  same 
dependence  on  the  initial  length  of  the  muscle.  Similar  relations  are 
true  of  the  heart-beat,  reading  "  pressure"  for  "force,"  "filling"  for  "ex- 
tension," and  "oxygen-intake"  for  "heat-production"  ((10,  p.  224); 
(37);  (62);  (47),  (48);  (60)).  The  speed  also  at  which  relaxation  occurs 
is  considerably  decreased  by  an  initial  extension  of  the  muscle  (25),  a 
fact  which  again  is  true  of  the  heart  (22)..  Finally,  the  temperature 
coefficients  (25)  of  various  factors  in  the  .twitch  are  affected  by  ex- 
tension of  the  muscle.  Of  these  phenomena,  which  are  clearly  of  a 
very  fundamental  nature,  no  explanation  can  as  yet  be  given:  an  ex- 
tension of  the  muscle  fiber  from  its  natural  resting  length  obviously 
modifies  the  surfaces  or  media  in  which  the  active  processes  of  con- 
traction and  relaxation  occur.  The  facts  appear  to  be  of  great  impor- 
tance in  relation  to  the  heart. 

Strength  of  stimulus.  The  time-course  of  the  isometric  twitch  of  a 
muscle  directly  stimulated  is  affected  by  strength  of  shock.  The  re- 
sponse to  a  weaker  shock  is  invariably  more  prolonged  than  that  to  a 
stronger  one,  a  fact  difficult  to  explain  on  the  "all  or  none"  theory  (25). 
(See  p.  323  below.) 

Recovery  of  contractility.  The  return  of  contractile  power  following  a 
twitch  has  recently  been  studied  by  Adrian  (1)  and  by  Hartree  and  A. 
V.  Hill  (25).  This  "recovery"  of  contractility  has  nothing  to  do  with 
the  oxidative  recovery  process  discussed  below.  If  a  muscle  be  sub- 
jected directly  to  two  maximal  shocks  in  succession,  at  a  known  interval, 
the  effect  of  the  second  shock  can  l)e  determined  by  comparing  the  re- 
h|M)nHC  to  the  first  shock  only,  with  the  coml)ine(l  response.  Adrian 
found,  in  the  am*  of  cardiac  muscle,  that  after  a  shock  there  is  an  ab- 
Koiute  rcfnictory  pt'riod  during  which  no  n'sponstj  is  given  to  the  second 
nhock,  but  that  as  the  interval  between  the  shocks  is  iixueased  the  re- 
sponse to  the  secon<l  shock  increas<»8  to  its  original  value,  passing  in  the 
case  of  hearts  perfused  with  an  acid  fluid,  through  a  phase  of  super- 
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normal  contractile  power,  before  settling  down  to  its  original  state.  In 
the  case  of  skeletal  muscle  the  time-relations  are  very  different,  and 
Hartree  and  A,  V.  Hill  were  able  to  demonstrate  the  same  recovery  of 
contractile  power  only  by  subtracting  from  the  ordinates  of  the  com- 
bined curve  the  ordinates  of  the  curve  produced  by  a  single  shock. 
If  this  be  done  it  will  be  seen  that,  following  a  shock,  the  contractile 
power  is  at  first  nil,  then  rises  to  its  original  value  again,  passing  invari- 
ably, however,  in  the  case  of  skeletal  muscle,  through  the  supernormal 
phase.  The  ordinary  so-called  "beneficial  effects  of  contraction"  are 
entirely  artificial,  and  due  (1,  p.  16)  to  the  onset  of  fatigue  and  to  re- 
cording instruments  with  too  much  inertia. 

Tetanic  contraction.  The  prolonged  contraction  is  built  up  as  the 
resultant  of  the  responses  to  the  individual  shocks.  The  manner  in 
which  this  building-up  occurs  has  been  discussed  by  Hartree  and  A.  V. 
Hill  (25),  who  find  that  successive  elements  of  the  response  evoked  by 
successive  units  of  the  stimulus  differ  from  one  another,  becoming 
smaller  and  more  prolonged  as  the  stimulus  proceeds,  until  finally  a 
steady  state  is  reached.  The  properties  of  the  prolonged  contraction 
are  similar,  in  many  ways,  to  those  of  the  twitch.  The  effects  of  tem- 
perature on  the  time-course  of  the  contraction  are  the  same ;  on  the  size 
of  the  response,  however,  they  are  in  striking  contrast,  a  rise  of  tempera- 
ture slightly  decreasing  the  size  of  the  twitch,  but  considerably  increas- 
ing that  of  the  prolonged  contraction.  The  explanation  of  the  latter 
effect  is  simple:  the  recover^'  of  contractility  following  a  twitch  (see 
above)  is  much  more  rapid  at  a  higher  temperature,  so  that  each  ele- 
ment in  the  response  is  much  less  reduced  by  its  predecessors.  This 
factor  more  than  counterbalances  the  slight  diminution  of  the  response 
to  a  single  shock. 

Part  ii.  The  heat-production  of  muscles:  Methods.  There  are 
two  means  of  measuring  directly  the  liberation  of  heat  in  muscles;  a, 
the  calorimetrical  method  for  cases  of  prolonged  heat-production;  and 
h,  the  thermopile,  for  cases  where  the  tissue  is  small  and  the  heat-pro- 
duction of  comparatively  short  duration. 

The  calorimetrical  method  involves  the  use  of  a  good  non-conducting 
container,  such  as  a  Dewar  flask,  and  either  a  differential  arrangement 
(29),  or  an  accurately  maintained  thermostat  (53,  p.  258),  in  order  to 
control  loss  of  heat  by  conduction,  etc.  This  method  is  suitable  for  the 
investigation  of  the  heat  liberated  during  prolonged  stimulation,  during 
survival  with  or  without  oxygen,  during  the  onset  of  rigor,  or  during 
prolonged  oxidative  recovery.     (See  (29);  (61);  (53),  (54);  (58).)     In 
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order  to  quicken  the  oxidative  recovery  process  Parnas  used  a  cylindrical 
brass  container,  within  which  muscles  could  be  kept  in  2  or  3  atmospheres 
of  oxygen,  the  container  being  placed  in  water  in  the  calorimeter:  a 
similar  instrument  was  used  by  Meyerhof  (54). 

The  thermopile  is  suitable  for  the  investigation  of  the  total  heat  pro- 
duced in  a  contraction,  of  the  time-relations  of  the  heat-production, 
either  "initial"  or  "recovery,"  and  of  the  thermal  changes  associated 
with  the  passive  lengthening  or  shortening  of  the  muscle.  In  principle 
its  use  consists  merely  in  placing  a  muscle  in  contact  with  the  junctions 
of  a  thermopile,  and  recording  the  deflection  of  a  sensitive  galvanometer 
resulting  from  the  rise  of  temperature.  In  practice  a  variety  of  pre- 
cautions must  be  taken.  In  particular  it  is  necessary  to  avoid  differ- 
ences of  temperature  at  different  parts  of  the  instrument,  or  a  gradual 
change  of  temperature  of  the  whole  instrument  which  will  inevitably 
cause  such  differences:  otherwise  it  is  impossible  to  ensure  a  stable 
zero,  or  to  make  observations  on  muscles  allowed  to  shorten  (shortening 
may  lead  to  warmer,  or  colder,  points  of  the  muscle  coming  on  the 
junctions).  Such  thermopiles  have  been  discussed  by  A.  V.  Hill  (33) 
and  by  Biirker  (6);  recently  Hartree  and  A.  V.  Hill  (23),  (26)  have  de- 
scribed modifications  by  which  the  zero  may  be  maintained  over  a  long 
period,  the  muscle  subjected  to  any  desired  medium  and  allowed  to 
shorten  if  required,  photographic  recording  adopted,  and  quick  and 
accurate  calibration  ensured. 

As  regards  indirect  methods  of  measuring  the  heat-production,  apart 
from  respiratory  experiments  applied  to  the  wliole  animal,  the  only 
important  method  would  appear  to  be  the  Wurburg-Siebcck  method, 
as  employed  by  Meyerhof  (54,  p.  288),  by  means  of  which  the  oxy- 
gen absorbed  by  a  single  gastrocnemius  of  a  frog  may  be  accurately 
determined. 

Thermo-elastic  properties  of  muscle.  According  to  Le  Chatelier's  rule, 
and  to  the  Second  Law  of  TluM'inodynamics,  an  elastic  body  suddenly 
subjected  to  a  stress  should  sliow  a  thermal  effect  tending  to  neutralise 
the  result  of  the  stress.  For  example,  if  a  steel  wire  be  loaded  suddenly 
its  temperature  will  full,  because  a  fall  of  tempernturc  cjuiseH  the  wire 
to  shorten,  and  so  tends  to  neutralise  the  lengliiening  pro(lu(;ed  by  the 
loml.  These  themio-clastic  effects  are  by  no  means  small:  they  may 
esfiily  be  oljHorved,  and  even  employed  in  calculating  the  stresses  in 
■tructurcH  suddenly  loaded  (D).  Hc^alising  that  in  the  case  of  muscles 
allowed  to  Mhorton  these  thermo-elastic;  ph«Miomena  nuist  necessarily 
be  superimpoMMl  upon  the  other  thermal  effects  accompanying  contrac- 
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tion,  Hartree  and  A  V.  Hill  (27)  investigated  them  experimentally  in 
living  muscle,  in  dead  muscle,  and  in  india-rubber.  These  substances, 
unlike  most  others,  shorten  on  being  warmed,  so  that  extension  should 
lead  to  a  rise,  and  shortening  to  a  fall  of  temperature.  As  seen  in  figure 
2,  extension  of  a  muscle  leads  indeed  to  a  rise  of  temperature,  as  pre- 
dicted, while  shortening  leads  at  first  to  a  fall,  which  fall  however  is 
rapidly  absorbed  in  a  subsequent  rise.  These  phenomena  were  found  to 
be  due  to  two  distinct  processes,  a  reversible  and  an  irreversible  one. 
The  reversible  one  is  that  predicted  from  thermodynamical  theory  and 
discussed  above.  The  irreversible  one  is  due  to  heat  produced  at  the 
expense  of  mechanical  energy,  by  viscou^'.  resistance  to  the  change  of 
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Fig.  2.  Pair  of  sartorius  muscles  from  Uana  temporaria.  Permanent  load 
5  grams.  At  A  on  the  left  hand  curve  155  grams  were  hung  gently  on  the  muscle: 
the  temperature  rose.  At  B  on  the  right  hand  curve,  after  the  155  grams  had 
been  hanging  on  the  muscle  for  some  time,  the  load  was  gently  removed:  the 
temperature  fell  rapidly  (the  reversible  effect)  and  then  rose  (the  irreversible 
"viscous"  effect)  and  finally  fell  again  (the  physical  loss  of  heat  by  conduction). 
Time  in  seconds  shown  as  gaps  in  the  curves.    Read  from  right  to  left. 

form  of  the  muscle  (see  p.  313).  The  viscous  effect  increases  the  thermo- 
elastic  effect  in  the  case  of  extension,  and  decreases  it  in  the  case  of 
shortening. 

These  experiments,  which  were  repeated  under  various  conditions, 
confirm  the  conclusion  that  the  external  work  done  in  a  muscular  con- 
traction is  diminished  through  viscosity  by  an  amount  depending  upon 
the  velocity  of  shortening  (p.  313  above).  Further,  they  are  a  necessary 
preliminary  to  certain  investigations  which  have  never  yet  been  satis- 
factorily made,  but  for  which  the  means  are  now  available,  and  which 
are  of  the  most  fundamental  interest;  viz.,  those  in  which  the  muscle  is 
allowed  to  shorten  during  the  contraction,  the  heat-production  being 
compared  with  the  work  directly  measured,  and  the  effect  of  the  shorten- 
ing on  the  total  energy  liberated  being  determined. 

The  '^initial  "  heat-production.  Under  ordinary  conditions,  and  pro- 
vided that  the  time  of  stimulation  be  not  too  long,  the  maximum  deflec- 
tion of  the  galvanometer  is  an  accurate  measure  of  the  total  heat  given 
out  in  the  development,  maintenance  and  disappearance  of  the  mechani- 
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cal  response,  i.e.,  in  all  phases  except  recovery.  We  shall  refer  to  this 
heat  as  the  "initial"  heat.  It  was  shown  by  Weizsacker  (67),  (68)  that 
the  magnitude  of  the  initial  heat  is  uninfluenced  by  the  presence  or 
absence  of  oxj'gen,  and  by  Hartree  and  A.  V.  Hill  (23),  employing  a  very 
sensitive  method  of  comparison,  that  the  time-relations  of  the  initial 
heat  are  also  quite  uninfluenced  by  oxygen.  Thus  the  "initial"  break- 
downs are  entirely  non-oxidative  in  character.  It  is  clearly  necessary 
to  attribute  two  distinct  mechanisms  to  the  muscle,  one  similar  to  an 
electriciil  accumulator  with  an  electromagnet  and  the  necessary  key  and 
wires,  by  means  of  which  chemical  energy  previously  stored  can  be  used 
either  to  do  external  work  or  to  maintain  a  force  as  and  when  required, 
the  other  similar  to  a  dynamo  and  a  combustion  engine,  by  which  the 
accumulator  may  l^e  recharged  to  its  previous  state  after  activity  (23). 
The  recovery  process  will  be  considered  more  fully  in  part  III  of  this 
paper:  here  we  shall  deal  only  with  the  initial  phases  of  contraction. 

It  has  been  shown  by  Hartree  and  A.  V.  Hill  (23)  that  the  initial  proc- 
ess of  contraction  must  be  regarded  as  occurring  in  three  phases,  cor- 
responding to  the  development,  the  maintenance  and  the  disappearance 
(relaxation)  of  the  mechanical  response.  By  an  accurate  method  of 
analysis  of  the  photographic  record  of  the  galvanometer  deflection,  they 
proved  that,  in  an  isometric  contraction,  each  phase  is  accompanied  by 
a  production  of  heat,  as  shown  in  figure  3.  In  the  case  of  a  single  twitch, 
of  course,  the  second  phase  (maintenance)  is  absent.  It  seems  likely 
that  the  development  of  the  response  is  due  to  the  liberation  of  lactic  acid, 
the  lactic  acirl  then  proceeding  to  alter  the  tension  and  natural  length 
of  the  muscle-fiber  by  some  unknown  effect  of  its  hydrogen  ion.  In  a 
twitch  relaxation  is  then  caused  by  the  anaerobic  chemical  removal  of 
the  lactic  acid  from  the  site  of  its  action.  Both  processes  are  accom- 
panied by  a  production  of  heat.  During  prolonged  stimulation  the 
"maintenance"  phase  occurs,  and  Jiuist  be  accompanied  by  a  continual 
evolution  of  heat,  owing  to  the  fact  that  a  steady  conccntratit)n  of 
lactic  acid  can  be  maintained  at  its  place  of  action  only  if  the  removal- 
processes  bo  balanced  by  equal  production-processes. 

During  the  development  of  an  isometric;  contraction  heat,  II\,  and 
potential  energy,  E,  arc  produced  in  the  muscle  fibers:  during  relaxa- 
tion the  potent ial  energy,  E,  disappears,  («ither  as  heat,  or  into  some 
blent  n)ol(M'utar  form,  the  lactic  acid  which  excited  its  appcvirjuue 
being  neutraliHcd,  or  removed,  with  heat-production  //j,  by  some  process 
unknown.  The  factK,  a,  that  this  procesH  is  ai^companied  by  a  produc- 
tion of  heat,  /;,  that  the  temiKMatiire  coefficient  of  its  velocity  is  very 
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high,  suggest  that  it  is  a  positive  chemical  reaction,  rather  than  a 
physical  process  such  as  diffusion  away  from  the  active  areas  (54,  p. 
310).  If,  moreover,  the  lactic  acid,  once  it  had  done  its  work,  simply 
collected  by  physical  diffusion  in  the  fluid  spaces  [Meyerhof's 
Ermiidungsorten]  of  the  muscle  fiber,  then  there  should  be  a  measurable 
increase  of  hydrogen  ion  concentration  as  the  result  of  even  a  single 
twitch.     Roaf  (64)  claimed  to  have  demonstrated  such  a  change  by 


0 

soo 


200 


z» 


200 


STIMULUS 

0  1  sec 


1 


STIMULUS 
02  tEC 


1 


7  Sf  c 


STim\ulus 
0  6  UC 


I 


300 


200 


2  uc 


STIMULUS 
0  6  &C6 


THiT 


SriMULUb 

12  StC 


2oo 


STIMULUS 

16  icc 


m 


-TT^c 

Fig.  3.  Heat  liberated  by  sartorius  muscles  at  0°C.  in  oxygen.  The  height  of 
each  rectangle  represents  the  heat  given  out  in  the  interval  corresponding  to  the 
base  on  which  it  stands.  Skeleton  rectangles  represent  the  heat  liberated  during 
contraction,  black  rectangles  the  heat  liberated  during  or  immediately  after 
relaxation. 


the  use  of  an  Mn02  electrode,  but  Ritchie  (63),  repeating  Roaf 's  experi- 
ments with  great  care,  found  that  as  the  result  even  of  a  prolonged 
tetanus,  the  change  of  hydrogen  ion  concentration  inside  the  muscle 
is  almost  negligibly  small.  Certainly  the  lactic  acid  produced  in  the 
muscle  is  neutralised  very  rapidly,  and  it  is  natural  therefore  to  ascribe 
relaxation  to  this  process  of  neutralisation. 

The  isometric  twitch.    The  total  initial  heat-production  in  a  twitch, 
Uke  the  force  developed  or  the  maximum  work  done  (see  p.  316  above), 
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is  affected  by  extension  of  the  muscle  (16),  (12),  and  by  temperature 
(12),  (24).  In  a  maximal  isometric  twitch,  as  the  initial  extension 
increases  the  heat  increases  also,  but  only  to  a  maximum,  after  which  it 
diminishes  considerably.  It  might  be  supposed  that  the  energy-libera- 
tion is  a  surface  effect,  increasing  with  the  length,  or  the  surface,  of  the 
fiber;  this,  however,  fails  to  explain  the  existence  of  the  maximum,  and 
the  diminution  with  further  extension.  A  rise  of  temperature  dimin- 
ishes H,  the  heat-production  in  a  twitch,  probably  for  the  same  reason 
as  it  diminishes  T,  the  force  developed  (see  p.  315  above). 

T 
The  ratio  —  ,  in  an  isometric  twitch,  has  been  studied  under  a  variety 

of  conditions.    The  effect  of  temperature  upon  it  seems  to  be  very  small ; 

observations  by  Weizsacker  (67)  appeared  to  show  a  definite  effect,  but 

Hartree  and  A.  V.  Hill  (25)  in  carefully  controlled  experiments  were 

unable  to  substantiate  it.     The  effect,  if  any,  is  very  small.     Where 

nearly  everything  connected  with  muscular  contraction  is  so  largely 

T 
influenced  by  temperature,  the  fact  that  —  is  unaffected  thereby  sug- 

H 

gests  some  special  connection  between  T  and  H.     Various  observers 

have  shown  that  there  is  a  proportion  between  the  oxygen-usage  of  a 

heart,  and  the  pre.ssure  developed  in  its  beats  (62).     Also,  there  are 

various  grounds  for  believing  that  the  potential  energy  developed  is 

some  fraction  of  Tl,  I  being  the  length  of  the  muscle,  (24),  (31),  (56). 

T 
If  80,  the  constancy  of  -  for  varying  temperature  shows  that  the  frac- 
H 

tion  of  the  total  energy  liberated  as  mechanical  potential  energy  is  in- 
dependent of  temperature. 

T 
The  value  of  —  is  affected  by  the  strength  of  the  shock,  decreasing  as 
H 

the  shock  is  increased  (25,  p.  402),  and  by  initial  extension,  decreasing 

as  the  extcnHion  is  increased  (25,  p.  400).    Following  a  shock,  the  value 

T 

of  —  for  a  subsequent  shock  always  passes  through  a  prolonged  super- 
H 

noniiul  phiwc  (25,  p.  40(i),  the  " efficiency"  of  a  short  tetanic  contrac- 
tion Ix'ing  thereby  appreciably  increa«(»d. 

A«  the  strength  of  the  Hhock  is  increased  the  heat  developed  in  a 
twitch,  hke  the  iniixiinuin  force,  increasoH  in  a  serii's  of  steps  uiilil  I  he 
mAximal  shock  is  reached;  it  is  curious  however  to  find  (25,  p.  40 1)  that 
in  flomo  caiMni  (but  not  in  all)  a  Hupcr -maximal  shock  evokes  a  smaller 
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heat-production  than  a  maximal  one,  although  the  mechanical  responses 
are  in  size  and  character  identically  the  same.  Some  15  per  cent  increase 
in  efficiency  therefore  can  be  obtained  sometimes  by  employing  super- 
maximal  shocks.  The  mechanism  of  this  paradoxical  result  is  quite 
unknown:  its  possibility,  however,  together  with  the  facts,  a,  that  the 
time-relations  of  the  isometric  twitch  are  affected  by  the  strength  of 

T 

the  shock;  and  b,  that  —  also  is  so  affected,  shows  that  there  are  dis- 
H 

tinct  limitations  to  the  "all  or  none"  principle  when  appUed  to  the 
twitch  of  a  muscle  fiber.  If  it  were  true  under  all  circumstances  that 
variation  of  strength  of  shock  causes  simply  a  variation  in  the  number  of 
fibers  responding,  and  not  in  the  character  of  their  response,  then  none 
of  these  phenomena  could  occur  (25,  p.  404).  Apparently  even  in  a 
single  twitch  the  response  of  a  muscle  fiber  can  be  varied  by  varying  the 
strength  of  shock  directly  applied  to  it,  as  well  as  by  varying  the  ex- 
tension and  the  temperature  of  the  muscle;  while  the  phenomena  of 
summation  of  responses  are  well  known.  It  seems  unwise  therefore  to 
regard  as  a  universal  principle  a  rule,  which  may  be  generally  true  of 
nerve,  but  which  in  muscle  is  so  restricted  that  it  appears  to  have  few 
points  of  application  left. 

The  thermal  response  to  a  shock  is  not  the  result  of  a  mechanical 
response,  nor  indeed  is  it  necessarily  accompanied  by  one.  As  Weiz- 
sacker  (67),  (68)  showed,  the  application  of  a  suitable  narcotic  sub- 
stance may  eliminate  the  mechanical  response  completely,  while  leav- 
ing a  considerable  heat-production.  Thus  chemical  reactions  may  be 
released  by  a  shock  even  though  there  be  no  possibility  of  their  evoking 
the  visible  changes  of  a  mechanical  response.  This  is  good  indirect  evi- 
dence that  the  production  of  mechanical  energ\'  is  due  to  some  physical 
effect  of  one  of  the  products,  or  intermediate  products,  of  the  reaction, 
the  mechanism  affected  by  that  particular  body  being  liable  to  be  put 
out  of  action  by  the  narcotic. 

The  prolonged  contraction.  The  heat  produced  in  a  prolonged  con- 
traction, occurring  in  response  to  a  maximal  tetanic  stimulus,  depends 
upon  a  variety  of  factors,  the  initial  extension,  temperature  and  condi- 
tion of  the  muscle,  the  frequency  and  duration  of  the  stimulus,  and  the 
amount  of  shortening  allowed.  The  last-named  has  never  received 
adequate  investigation,  though  the  means  are  now  available.  All  the 
following  results  refer  to  isometric  contractions.  The  effects  of  initial 
extension  are  the  same  as  in  the  simple  twitch.  The  effects  of  tempera- 
ture and  duration  are  as  shown  in  figure  4  (24,  p.  137),  for  the  unfa- 
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tigued  sartorius  of  rana  temporaria.  The  heat-production  increases 
with  the  frequency  of  stimulation,  up  to  the  point  where  complete  sum- 
mation is  attained  (32),  after  which  it  reaches  a  maximum  and  remains 
constant.    Fatigue  invariably   causes  a  diminished  heat-production. 
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Fig.  4.  Relation  between  heat-production,  duration  of  stimulus  and  tempera- 
ture. The  large  diagram  shows  the  curves  up  to  2.0  seconds  on  a  sniall  scale; 
the  nDall  diagram  shows  the  initial  shape  oC  the  curves  up  to  0.05  second,  on  ten 
times  the  scale.    Actual  observations  shown  by  dots. 

Of  these  various  factors  the  most  important  are  shown  in  figure  4.  For 
very  short  (hirations  the  heat  is  Hlightly  greater  at  the  lower  tempera- 
ture; for  long  durations  it  is  much  greater  at  the  higher  temperature;  for 
one  particubir  duration  it  is'the  same  at  all  temperatures.  (Tlu'se  experi- 
ments were  made  with  a  frequency  of  stinuilation  of  ISO  per  second.) 
Moreover  after  a  very  short  while  the  curves  Ixicomc  Ktraight  lines;  the 
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heat-production  occurs  at  a  steady  rate.  The  steady  rate  is  unaffected 
by  the  frequency  of  stimulation,  provided  this  has  more  than  a  certain 
value;  its  temperature  coefficient  however  is  2.8  for  10°C.,  showing  that 
some  chemical  reaction  regulates  the  rate  at  which  energy  is  supplied 
to  maintain  the  contraction  (24,  p.  139).  It  seems  possible  that  the 
immediate  precursor  of  lactic  acid,  probably  a  hexose-phosphate,  is 
present  in  its  "ready"  form  only  in  very  small  amount,  and  has  to  be 
reformed  from  glycogen  as  required  during  prolonged  stimulation.  In 
that  case  the  speed  with  which  it  is  reformed  would  determine  the  rate 
of  the  energy  discharge,  and  we  should  expect  the  latter  to  have  a 
chemical  temperature  coefficient. 
The  energetics  of  prolonged  stimulation  may  be  expressed  in  another 

TJ 

way,  viz.,  by  plotting  —(instead  of  H)  against  the  duration  of  the  stim- 
ulus (24,  p.  144).  If  this  be  done  it  will  be  found  that  the  total 
energy  liberated  in  a  prolonged  isometric  contraction  can  be  split  up 
into  two  components,  one  concerned  in  the  development  of  the  mechan- 
ical potential  energy,  the  other  in  its  maintenance  at  a  constant  level. 
Expressed  in  a  mathematical  form : 

H  =  Tla  (1  +  bx) 

where  H  is  total  energy,  T  is  maximum  force  developed,  I  is  length  of 
muscle,  X  is  duration  of  stimulus,  and  a  and  h  are  constants:  a  is  inde- 
pendent of  temperature,  h  is  largely  affected  by  it,  increasing  2.3  times 
for  10°C.  The  quantity  aTl  represents  the  potential  energy  developed 
(or  some  quantity  proportional  to  it) ;  it  is  noticeable  that  the  value  of 
aTl  agrees  reasonably  well  with  the  potential  energj^  calculated  from 
the  force-extension  diagram  of  the  active  muscle.  The  quantity  hx{aTl) 
represents  the  energy  degraded  in  a  stimulus  of  duration  x,  in 
maintaining  a  state  of  potential  energy  aTl.  The  greater  6  is,  the 
greater  is  the  wastage  of  energj'^  in  maintaining  a  constant  force.  In 
a  fresh,  rapidly  contracting,  or  warm  muscle,  6  is  larger;  in  a  fatigued, 
slowly  contracting,  or  cool  muscle,  h  is  smaller;  thus  in  the  latter  cases 
the  maintenance  of  a  force  is  accomplished  with  the  greater  economy. 
With  certain  limitations  these  results  apply  to  human  muscles.  In 
the  general  expression  for  the  total  energy  liberated: 

H  =  aTl  (1  +  hx) 

we  may  write  aTl  =  \W  (or  some  quantity  proportional  to  Wq),  where 
Wq  is  the  theoretical  maximum  work  discussed  above  (p.  311).  At  a 
given  temperature  human  muscle  appears  to  contract  much  less  rapidly 
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than  frog's,  so  that  6  is  less;  at  37°  however  b  is  large  enough  to  make 
a  prolonged  contraction  fairly  uneconomical.  It  is  shown  below  that 
in  the  complete  cycle  of  the  contraction,  i.e.,  including  the  recovery 
process,  there  is  about  2|  times  as  much  energy  set  free  as  in  the  initial 
processes  alone.  Hence  if  Q  be  the  total  energy  Uberated  in  the  com- 
plete cycle,  we  may  write: 

Q  =  2.0  If  0  (l  +  bx) 1 

This  leads  us  to  a  consideration  of  the  mechanical  efficiency  of  human 
muscles.  It  is  realised  that  equation  I  applies  literally  only  to  an 
isometric  contraction :  it  will  probably  be  found  however  to  apply,  with 
a  different  value  of  6,  to  a  muscle  undergoing  actual  shortening.  The 
reaUsable  work  W,  has  been  shown   (p.   313)   to  obey  the  equation 

W  =  Wo  (  1  — " ),  where  fc  is  a  constant  and  t  is  the  time  occupied  in  the 

shortening.     If  the  contraction  be  maintained  only  long  enough  to 

cover  the  actual  shortening,  i.e.,  if  x  =  t,  we  may  write  W  =  Woil  —  -), 

so  that  the  mechanical  efficiency  is 


Q  ~  2.5  H^o  (1  +  6a;) 


"•<-!) „ 

a  +  bx) 

If  we  knew  k  and  h  we  could  calculate  from  equation  II  the  mechanical 
efficiency  of  maximal  human  nuiscular  movements  carried  out  at  any 
speed.  A  dctennination  of  A:  can  be  made  as  described  by  A.  V.  Hill 
(35).  The  value  of  b  might  be  determined  directly  by  measurements  of 
oxj'gen-intake:  it  might  also  be  inferred  approximatoly  from  thermo- 
electric observations  on  small  mammalian  muscloK;  at  present,  however, 
it  can  only  be  arrived  at  backwards  and  roughly  from  a  knowledge  of 
the  maximum  net  mechanical  efficiency.  Hepeating  the  calculation 
given  by  A.  V.  Hill  (35)  with  the  rather  different  symbols  and  the  new 
value  of  the  recovery  heat-production,  it  can  be  shown  that  the  maxi- 
mum mechimical  efficiency  is  obtained  for  a  value  of  a;  =  A-  1  +  W 1  +  ,., 

Putting  k  -  0.24,  as  found  by  Hill  for  the  biceps  and  brachialis 
AOticufl  of  a  healthy  young  man,  the  following  table  may  be  calculatcMl : 
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b 

0 

0.1 

0.2 

0.3 

0.4 

0.5       0.6 

0.7 

0.8       1.0 

Optimum  x 

00 

1.82 

1.37 

1.18 

1.05 

0.97     0.92 

0.88 

0.84     0.79 

Maximum>r/Q 

0.4 

0.295 

0.260 

0.235 

0.220 

0.205]  0.190 

0.180 

0.170  0.155 

From  this  table,  if  we  may  assume  the  maximum  net  efficiency  of  human 
muscular  movement  to  be  about  0.26,  the  value  of  b  is  about  0.2.  Tak- 
ing this  value  for  the  sake  of  calculation  (though  the  actual  value  makes 
no  difference  to  the  following  argument)  the  efficiency  of  a  maximal 
human  muscular  movement  becomes 


W 
Q 


(l  +  0.2x) 


This  relation  between  the  efficiency  and  the  time  occupied  in  the  move- 


ment, is  shown  in  figure  5. 


W 

It  is  seen  that  —  rises  rapidly  from  zero 

Q 

at  time  0.24  second  (the  duration  of  an  unloaded  contraction),  attains 
a  maximum  of  0.26  at  1.37  second,  and  then  slowly  falls  again  to  zero. 
Thus  human  muscles  have  an  optimum  speed  of  working:  a  higher 
speed  seriously  interferes  with  their  efficiency,  a  lower  speed  interferes 
indeed,  but  much  less.  It  should  not  of  course  be  supposed  that  the 
numbers  given  here  are  all  absolute  constants;  they  depend  upon  the 
characteristics  of  the  actual  muscles  used;  there  can,  however,  be  little 
doubt  that  the  efficiency  of  human  muscular  movement  is  governed, 
in  general,  by  considerations  of  the  kind  advanced  above.  It  can  be 
shown  moreover  (35)  that  a  submaximal  effort  is  less  efficient  than  a 
similar  maximal  one,  occurring  in  the  same  time  against  a  heavier  load. 
This  is  of  importance  as  show  the  inadmissibility,  in  ergometer  experi- 
ments, of  adopting  as  "base-line"  the  energy  expenditure  at  a  lower 
level  of  work.  (For  example,  see  Benedict  and  Cathcart  (3).)  The 
whole  subject  would  seem  to  be  of  considerable  importance  from  the 
point  of  view  of  the  optimum  conditions  for  muscular  efficiency  in  the 
processes  of  industry  or  athleticls,  and  especially  in  relation  to  physio- 
logical experiments  with  ergometers.  We  cannot,  however,  discuss  it 
further  here. 

An  excellent  short  account  of  the  Thermodynamics  of  Muscles  has 
been  given  by  Meyerhof  (51). 

Part  III.  The  recovery  process.  Isolated  muscles.  The  discoveries 
a,  of  Liebig  (42)  that  an  atmosphere  of  oxygen  preserves  the  irritability 
of  an  excised  resting  muscle,  and  6,  of  Ludwig  and  Schmidt  (45)  that 


328 


A.    V.    HILL 


oxj^gen  delay's  the  onset  of  fatigue  in  a  similar  excited  muscle,  were 
followed  by  the  proof  by  Fletcher  (18)  that  a  muscle  may  be  preserved 
indefinitely  from  the  onset  of  rigor  mortis,  or  indeed  recalled  from  its 
incipient  stages,  by  immersion  in  oxj'gen.  These  researches,  culmin- 
ating in  the  classical  investigation  bj"^  Fletcher  and  Hopkins  (20)  of 
lactic  acid  in  muscle,  led  the  present  writer  (30)  in  1913  to  determine 
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Fig.  5.  Mechanical  efficiency  of  human  muscular  movement  in  relation  to  the 
duration,  x,  of  the  contraction. 


the  heat-production  during  the  recovery  phase.  It  was  found,  in  tiie 
presence  of  oxygen,  that  the  production  of  heat  is  prolonged  for  some 
minutes  after  excitation,  the  total  "delayed"  heat  being  of  the  same 
order  of  magnitude  as  the  "initial"  heat;  while,  in  the  absence  of  oxygon, 
the  delayed  heat-production  was  much  smaller,  or  (as  was  supposed 
then)  negligible.  This,  together  with  the  proof  that  the  "initial  heat" 
has  a  non-oxidtttive  origin,  makes  it  clear  tiiat  the  nuisdc  is  similar  to 
an  accumulator,  that  it  contains  potential  energy  ready  for  discharge, 
which  is  restored  by  some  oxidative  process  during  recovery.  What 
is  the  nature  of  this  recovery  process,  and  is  it  the  oxidation  of  lactic 
acid? 
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Experiments  by  A.  V.  Hill  (29)  and  by  Peters  (61)  had  proved  that 
the  production  of  1  gram  of  lactic  acid  in  muscle,  whether  in  rigor  or  as 
the  result  of  exercise  in  the  absence  of  oxygen,  is  accompanied  by  the 
liberation  of  about  450  calories.  Later  and  more  exact  experiments  by 
Meyerhof  (53)  have  shown  that  this  value  is  rather  too  high,  that  in 
rigor,  or  in  fatigue  induced  by  a  succession  of  single  shocks  or  short 
tetani,  the  value  should  be  about  350  calories^  per  gram  of  lactic  acid ;  the 
difference  does  not  affect  the  argument.  If,  as  A.  V.  Hill  (30)  estimated, 
the  oxidative  recovery  process  involved  about  as  much  heat-production 
as  the  initial  process,  the  total  heat  set  free  in  the  complete  cycle  of 
liberating  and  removing  1  gram  of  lactic  acid  had  to  be  about  2  X  450  = 
900  calories ;  later  and  much  more  accurate  observations  by  Hartree  and 
A.  V.  Hill  (26)  have  shown  that  the  average  value  of  the  total  recovery 
heat  is  about  1.5  times  the  initial  heat;  accepting  this  figure,  together 
with  Meyerhof 's  more  accurate  determination,  the  total  energy  liberated 
in  the  complete  cycle  is  2.5  X  350  =  875  calories.  This  is  close  to  the 
900  calories  originally  estimated.  Thus  in  the  liberation  and  the  sub- 
sequent oxidative  removal  of  1  gram  of  lactic  acid  875  calories  have  been 
produced,  and  the  muscle  is  finally  in  the  same  state  as  before,  except 
that  some  of  its  glycogen  has  been  oxidised.  The  heat  of  combustion  of 
1  gram  of  lactic  acid  is  3661  calories,  while  that  of  the  corresponding 
amount  (0.9  gram)  of  glycogen  is  3772  calories;^  the  total  heat  liberated 
in  the  production  and  the  subsequent  oxidative  removal  of  1  gram  of 
lactic  acid  is  only  24  per  cent  of  the  former  and  23  per  cent  of  the  latter. 
It  was  obvious  therefore  that,  unless  there  were  some  serious  error,  the 
whole  of  the  lactic  acid  was  not  removed  by  the  simple  process  of 
oxidation,  that  for  every  1  gram  of  lactic  acid  oxidised  in  the  recovery 
phase,  some  3  more  grams  of  lactic  acid  were  removed  by  some  other 
non-oxidative  mechanism.  There  seemed  no  escape  from  this  conclu- 
sion. In  1915,  however,  Parnas  (58)  published  experiments  purporting 
to  show  that  during  the  oxidative  recovery  phase  a  complete  equiva- 
lence existed  between  the  oxygen  used  and  the  lactic  acid  removed. 
These  experiments  were  accepted  by  Fletcher  and  Hopkins  (21)  in  their 
Croonian  Lecture,  and  at  first  by  Meyerhof  (52),  and  it  was  assumed  in 
consequence  that  in  the  recovery  phase  the  whole  of  the  lactic  acid  was 
really  oxidised,  and  not,  as  had  been  supposed,  restored  to  its  previous 
position  ready  for  subsequent  acitvity.     There  remained,  however,  the 

^  Since  this  article  was  completed  the  writer  has  received  the  manuscript  of  a 
forthcoming  article  by  Meyerhof,  in  which  this  figure  is  modified  slightly.  See 
Appendix. 
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fundamental  difficulty  that  on  this  view  the  recovery  heat-production 
was  quite  inadequate.  From  this  impasse  the  situation  has  been 
relieved  by  the  brilliant  investigations  of  Meyerhof.  Meyerhof  first 
(54)  repeated  the  experiments  of  Parnas  with  entirely  the  contrary  re- 
sult. Allowing  for  the  oxygen  used  in  the  same  period  by  similar  resting 
muscles  he  found  that  during  the  recovery  pei'iod  of  stimulated  muscles 
an  excess  of  oxygen  is  used  which  is  insufficient  to  account  for  the  oxidation 
of  more  than  ^  to  \  of  the  lactic  acid  which  can  be  shown,  by  direct  deter- 
mination,  to  have  disappeared.  This  is  in  excellent  agreement  with  the 
results  of  the  calculation  from  the  recovery  heat-production,  Meyerhof 
repeated  his  measurements  of  the  oxygen  used  in  the  recovery  process 
under  various  conditions,  always  with  the  same  result,  viz.,  that  not  more 
than  I  to  J  of  the  lactic  acid  is  removed  by  direct  oxidation.  It  is  difficult 
not  to  attribute  Parnas'  results  to  some  unknown  experimental  error. 
Meyerhof  moreover  has  confirmed  his  results  by  a  variety  of  other 
observations.  In  the  first  place  he  found  (52)  that  in  the  recovery 
removal  of  lactic  acid  the  volume  of  CO2  produced  is  almost  exactly 
equal  to  that  of  O2  absorbed;  the  respiratory  quotient  is  unity.  This 
points  to  the  oxidation  either  of  lactic  acid  or  of  carbohydrate.  Further, 
by  direct  measurement  (in  a  calorimeter)  of  the  recovery  heat-produc- 
tion after  prolonged  stimulation,  he  found  (54)  that  the  heat  is  less  than 
that  calculated  from  the  oxygen  used  by  an  amount  equivalent  to  the 
energy  liberated  in  the  initial  stages  of  the  contraction ;  in  other  words, 
the  energy  liberated  by  oxidation  in  the  recovery  process  partly  appears 
as  heat,  and  partly  is  absorbed  in  some  physico-chemical  process  restor- 
ing the  muscle  to  its  original  condition.  Thus  the  heat  set  free  plus 
the  energy  re-absorlx»d  is  shown,  by  direct  measurement,  to  correspond 
to  the  oxygen  used;  and  this  oxygcMi  corresponds  to  the  oxidation  of  an 
amount  of  lactic  acid  only  I  to  \  of  that  known  actually  to  have  been 
removed.  Finally  Meyerhof  has  shown  (54),  (55),  again  in  contradic- 
tion of  Parnas  (58),  that  (making  due  allowance  for  the  oxidation  of  a 
quantity  corresponding  to  the  measured  amount  of  oxygen  used  in  sur- 
vival or  recovery)  whenever  lactic  acid  appears  a  corresponding  amount 
of  glycogen  diwippctirs,  and  that  whenever  lactic  acid  disai)pe!irs  a  cor- 
responding amount  of  glycogen  can  \)e  recovered.  It  seems  therefore 
quite  certain,  a,  that  the  recovery  process  consists  of  an  oxidation 
(either  of  lactic  acid  or  of  carbohydrate),  of  which  part  of  the  cncMgy 
appears  as  heat,  part  is  absorbed  in  restoring  the  muscle  to  its  original 
condition  of  readiness  for  mechanical  activity;  b,  that  in  the  initial 
process  of  contraction  glycogen,  or  some  pnxluct  of  Klyconcn,  is  changed 
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explosively  into  lactic  acid ;  c,  that  in  the  recovery  process  the  glycogen 
(or  its  product)  is  restored  and  the  lactic  acid  removed ;  and  d,  that  the 
oxygen  used  in  recovery  is  employed  in  oxidising  carbohydrate  (or  lactic 
acid)  in  amount  equivalent  to  about  |  of  the  lactic  acid  removed. 

Experiments  have  recently  been  made  by  Hartree  and  A.  V.  Hill 
(26),  with  particular  care  to  ensure  accuracy,  to  determine  both  the 
extent  and  the  time-relations  of  the  recovery  heat-production.     The 
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Fig.  6.  Rate  of  production  of  heat  during  recovery  of  sartorius  of  rana  temp. 
in  O2  and  in  N2.  Note  that  the  heat  is  expressed,  not  in  absolute  units,  but  as  a 
fraction  of  the  initial  heat-production. 


rate  of  recovery  heat-production  appears  to  follow  a  perfectly  definite 
time-course,  as  shown  in  figure  6;  it  starts  at  a  low  level  immediately 
following  the  contraction,  rises  to  a  maximum,  and  then  slowly  falls  to 
zero,  the  last  part  of  its  curve  being  of  an  exponential  character.  It  is 
noticeable  that  the  longer  stimulus,  evoking  the  more  extensive  libera- 
tion of  energy,  gives  a  recovery  heat-production  which  is  not  only 
absolutely  but  relatively  more  rapid  than  that  given  by  the  shorter 
stimulus.  When  the  velocity  of  a  chemical  reaction  increases  more 
rapidly  than  the  first  power  of  the  concentration  of  one  of  its  reacting 
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bodies  we  conclude  that  the  "order"  of  the  reaction  is  greater  than  unity, 
that  we  are  dealing  with  a  bimolecular  or  a  termolecular  reaction.  All 
the  experiments  made  confirm  the  conclusion  that  the  "order"  of  the 
reaction  occiU"ring  in  the  recovery  process  is  greater  than  unity,  a  con- 
clusion which  is  entirely  in  keeping  with  the  view  advancd  by  Meyerhof 
(54),  on  the  basis  of  Embden's  work,  that  in  the  recovery  process  two 
molecules  of  lactic  acid  are  united  to  make  one  molecule  of  glucose, 
which  is  then  combined  with  phosphoric  acid  to  form  a  hexose  diphos- 
phate. The  rate  of  the  recovery  heat-production  is  also  affected  by 
temperature,  increasing  rapidly  as  the  temperature  rises.  The  cause 
of  the  maximum  on  the  curve,  imtil  we  have  further  knowl- 
edge of  the  chemical  reactions  occurring  in  recovery,  must  remain  a 
matter  of  conjecture;  were  these  chemical  reactions  of  a  simple  kind  we 
should  expect  an  initial  high  rate  followed  by  a  continuous  fall  to  zero ; 
clearly  we  are  dealing  here  with  complex  reactions  whose  full  activity  is 
not  manifest  until  some  time  after  their  commencement.  Possibly  the 
time-relations  of  the  heat-production  during  recovery  may  give  some 
clue  as  to  the  actual  chemical  mechanism  of  the  latter. 

In  the  experiments  of  Hartree  and  A.  V.  Hill  (26)  the  special  pre- 
cautions taken  to  ensure  a  steady  zero  made  it  possible  to  measure  the 
recovery  heat-production  after  a  short  tetanus  (0.3  to  0.5  second),  for 
some  6  or  more  minutes,  and  so  to  arrive  at  an  accurate  estimate  of  its 
total  value.    Calling  the  total  initial  heat-production  Ho  and  the  total 

recovery  heat-production  Hr,  the  ratio  7/,  in  frog's  muscles  in  oxygen  at 

ho 

20**C.,  had  values  varying  from  1.0  to  2.0,  (the  majority  lying  between 
1.4  and  l.G)  and  a  mean  of  1.5.  The  ratio  was  independent  of  the  dura- 
tion of  the  stimulus.  In  the  absence  of  oxygen,  i.e.,  after  some  hours  in 
Oj-frcc  nitrogen,  with  preliminary  stimuli  to  use  up  any  traces  of  oxygen 
still  present,  the  delayed  heat-production  was  not  abolished  altogether 
but  was  still  perceptible  as  .^hown  in  figure  0.  The  total  value  of  the 
delayed  heat  in  this  case  bore  to  the  initial  heat  a  ratio  varying  from 
0.3  to  0.(1,  with  a  mean  of  about  0.4.  This  might  pcrliups  bo  attributed 
to  oxygen  still  present  dissolved  in  the  muscle,  although  all  pnM-autions 
hud  Ix-en  taken  to  avoid  this  possibility;  but  a  thin  sartorius  muscle 
soaked  in  a  KCN  solution  (0.(MK)7  n  to  0.002  n)  for  1  minute  or  more, 
in  which  prcHUtnably  nil  oxidations  ha(|  \h'vu  eliminated,  still  Khowed  a 
delayed  heat-production  amounting  to  some  30  per  cent  of  the  initial 
heat.  If  further  inveatigutions  confirm  tlic  existence  of  this  smaller 
anaerobic  delayed  heat-pr(Mluction   we  shall  have  to  assume  either 
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1,  that  the  chemical  reactions  of  the  recovery  process  can  progress  to 
some  degree  in  the  absence  of  oxygen,  and  get  held  up  only  at  the  oxida- 
tive stage;  or  2,  that  in  the  muscle  there  exists  some  hydrogen  acceptor 
capable,  like  the  dipeptide  isolated  by  Hopkins  (36),  of  allowing  oxida- 
tions to  proceed  in  part  even  in  the  absence  of  molecular  ox\^gen ;  or 
3,  that  the  heat  liberated  in  the  absence  of  oxygen  should  be  regarded 
as  belonging  to  the  initial  stage  (possibly  relaxation),  and  not  to  the 
recovery  stage  at  all.  There  seems  at  present  to  be  insufficient  evidence 
to  allow  us  to  distinguish  between  these  three  alternatives.^ 

The  existence  of  this  anaerobic  delayed  heat-production  may  upset 
some  of  the  calculations  given  above.  In  anaerobic  acti\dty,  or  in 
rigor,  the  heat  measured  by  Meyerhof,  for  comparison  with  the  lactic 
acid  formed,  is  the  same  as  the  sum  of  the  initial  and  the  delayed  heats 
measured  by  Hartree  and  Hill  in  the  absence  of  oxygen.  Taking  the 
"initial  heat"  as  100,  the  delayed  heat  in  the  absence  of  oxygen  is  40, 
while  the  recovery  heat  in  the  presence  of  oxygen  is  an  extra  110.  In 
this  case  the  total  energy^  of  the  oxidative  phase  is  not  2.5  times,  but 
only  1.8  times  the  total  heat  of  the  combined  anaerobic  phases.  This 
will  onlj'^  strengthen  the  argument  in  favor  of  the  non-oxidative  removal 
of  lactic  acid,  but  without  further  evidence  as  to  the  mechanism  of  this 
post-activity  non-oxidative  heat-production  it  will  be  useless  further  to 
discuss  the  matter  here.^ 

Unisolated  muscle.  Verzar  (66),  observing  the  oxygen-usage  of  the 
gastrocnemius  of  an  anesthetised  cat,  found  that  during  stimulation  the 
rate  of  oxygen-intake  is  not  increased,  but  that  after  stimulation  it  rises 
and  remains  for  a  long  time  above  its  resting  level.  The  reason  for  the 
absence  of  a  rise  during  stimulation  is  presumably,  as  Lindhard  (43)  found 
for  man  during  "static  work,"  that  the  blood  supply  is  hindered  by  the 
hardening  of  the  active  muscle.  Barcroft  and  Kato  (2)  performed  simi- 
lar experiments  on  the  gastrocnemius  of  anesthetised  dogs,  employing 
rhythmic  instead  of  continuous  stimulation.  They  found  a  rise  of 
oxygen-intake  during  stimulation  (the  blood  supply  not  being  stopped 
by  rhythmic  excitation)  but  a  still  greater  rise  lasting  for  hours  after 
the  stimulus  was  over.  These  experiments  contrast  curiously  with 
those  on  man  (see  below),  in  that  the  recovery  process  is  so  prolonged; 
after  several  hours  the  return  to  resting  level  is  not  as  complete  as  it  is, 
in  man,  after  as  many  minutes.  Whether  this  be  due  to  excessive 
stimulation,  or  to  the  effect  of  the  anesthetic,  one  cannot  say.     There  is 

'  That  is,  heat  plus  restored  potential  energy. 
'  See  Appendix, 
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no  doubt,  however,  that  such  experiments  do  not  represent  the  normal 
processes  of  recovery  in  warm-blooded  animals,  which  are  better 
studied  in  man. 

Man.  Owing  to  the  lag  in  a  calorimetrical  method,  and  to  the  errors 
inherent  in  calculation  from  the  C02-output  during  a  rapidly  changing 
metabolsim,  the  only  practicable  means  of  following  the  recovery  proc- 
ess in  man  is  that  of  determining  the  oxygen-intake.  In  their  experi- 
ments on  Pike's  Peak  (13,  p.  258)  Douglas,  Haldane,  Henderson  and 
Schneider  made  preliminan^'  observations,  by  the  Douglas  bag  method, 
of  the  course  and  extent  of  the  oxygen-intake  during  recover}^  from 
exercise  in  man.  These  experiments  have  been  confirmed  and  extended 
by  Campbell,  Douglas  and  Hobson  (7),  and  recenth'  by  Lupton  (46), 
also  using  the  Douglas  bag  method,  the  former  investigating  the  re- 
covery period  after  work  on  a  bicycle  ergometer,  the  latter  after  various 
other  forms  of  exercise.  Krogh  and  Lindhard  also  (40)  have  investi- 
gated the  oxj'gen-intake  after  ergometer  exercise,  and  Lindhard  (43), 
(44)  after  the  "static  work"  of  supporting  the  body  in  various  positions, 
customary  in  a  gj'mnasium.  In  healthy  men  recovery  is  very  rapid, 
the  primary  return  to  a  resting  level  of  oxygen-intake  being  complete 
within  10  minutes  of  the  end  of  exercise,  and  almost  complete  within 
3  or  4  minutes.  Even  after  an  exhausting  effort  recovery  is  not  sensibly 
prolonged,  though  there  may  be  a  small  increase  in  the  resting  level  of 
oxygen-intake,  corresponding  possibly  to  a  rise  of  body  temperature, 
possibly  to  a  restoration  of  glycogen  in  the  muscle. 

At  20*'C.  the  recovery  heat-production  of  a  frog's  sartorius  in  oxygen 
is  nearly  complete  in  6  minutes  (see  fig.  6),  50  per  cent  complete  within 
2  minutes.  Hartreo  and  A.  V.  Hill  (26)  found  the  rocovory  heat- 
production  to  be  consitlerably  affected  by  temperature,  though  they 
could  not  determine  a  temperature  coefficient.  Assuming  the  latter  to 
be  about  2.4,  the  recovery  process  at  ST^C.  should  bo  nearly  eomplete 
within  \\  minutes,  and  50  per  cent  complete  within  30  seconds.  In 
man  the  oxygen  pressure  is  not  so  high,  and  we  might  expect  the  rate 
of  recovery  to  Ik*  less.  Hence  the  speed  of  oxidative  recovery  is  of  the 
same  order  of  size  in  man  as  in  i.solated  inuscle.  After  prolongcnl  stimu- 
lation of  liirge  masses  of  isolated  muscle  the  sjieed  of  recovery  is  deter- 
mined by  the  rate  of  oxygen  diffusion,  and  is  (h(M'ofore  very  slow;  where, 
however,  the  oxygen  supply  is  adequate,  and  eHjxM'ijilly  mI  m  liit!;li  ffiiiper- 
ature,  oxidative  recovery  is  a  fairly  rapid  process. 

Muscular  exercise  may  Ik*  long  {'oiilinuccl,  orshoil,  while  (he  chcinical 
prw-cmati  of  recovery  may  occur  mainly  dnring  the  exercise  or  wholly 
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after  it.  At  the  beginning  of  exertion  an  oxygen  deficit  is  built  up  which 
is  compensated  only  at  the  end.  In  prolonged  exertion  the  greater 
part  of  the  recovery  process  is  completed  during  the  exercise  itself; 
during  uniform  exertion  a  steady  state  is  rapidly  reached  in  which  the 
total  oxygen  deficit  becomes  constant.  In  this  case  the  total  oxygen 
absorbed  in  the  post-exercise  recovery  process  is  equal  to  that  used  in 
not  more  than  |  to  1  minute  of  the  previous  exertion.  This  shows  the 
extreme  rapidity  of  the  oxidative  recovery  process  in  normal  man.  The 
highest  possible  rate  of  oxygen-intake  in  man,  during  steady  exercise, 
is  about  6000  cc.  per  minute;  a  total  therefore  of  something  like  4000  cc. 
may  be  used  in  recovery.  Assuming  that  22.2  liters  of  oxygen  oxidise 
30  grams  of  lactic  acid  or  glucose,  and  correspond  therefore  (from  above) 
to  the  removal,  during  recovery,  of  about  120  grams  of  lactic  acid,  we 
see  that  during  and  immediately  after  severe  exercise,  there  must  be 
something  of  the  order  of  22  grams  of  lactic  acid  present  in  the  body. 
If  the  active  muscles  be  assumed,  for  the  sake  of  calculation,  to  weigh 
16  kilos,  this  corresponds  to  a  lactic  acid  concentration  of  about  0.13  per 
cent,  an  amount  which  is  about  |  of  that  found  in  isolated  frog's 
muscles  after  severe  anaerobic  stimulation.  These  22  grams  of  lactic 
acid  we  may  suppose  neutralised  by  bicarbonate  present  in  the  blood 
or  muscles ;  in  the  process  it  must  turn  out  some  16  liters  of  CO2,  while 
during  its  oxidative  removal  in  recovery  the  same  amount  of  CO2  must 
finally  be  retained  by  the  body.  It  is  small  wonder,  therefore,  either 
that  lactic  acid  may  appear  in  the  blood  and  urine,  or  that  the  combined 
CO2  of  the  blood  may  be  altered  (8),  or  that  the  respiratory  quotient 
may  exhibit  violent  fluctuations,  as  the  results  of  severe  exercise  and 
during  recovery  therefrom  (7,  p.  36);  (46).  These  fluctuations  must 
render  any  attempt  to  follow  the  rapidly  changing  metabolism  in  such 
cases,  by  means  of  measurements  of  the  CO2  output,  entirelj'^  useless. 

Lupton  (46)  has  investigated  also  the  recovery  from  short  bouts  of 
very  violent  exercise,  of  a  nature  too  severe  to  be  prolonged.  In  the 
extreme  case  of  10  seconds  of  such  exercise,  during  which  the  subject 
holds  his  breath,  practically  the  whole  of  the  oxygen  used  after  exer- 
cise in  excess  of  the  resting  level,  must  be  due  to  recovery,  and  Lupton 
found  values  as  high  as  2000  cc,  as  the  total  oxygen  usage  of  recovery 
from  10  seconds  exercise.  This  corresponds  to  a  production  of  about 
11  grams  of  lactic  acid,  a  concentration  roughly  of  the  order  of  0,05 
per  cent  averaged  over  all  the  muscles  of  the  body.  This  amount 
of  oxygen  used  in  the  oxidation  of  carbohydrate  yields  about  10,000 
calories,   enough  to  raise  the  body-temperature  of  an  80  kilo  man 
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some  0.1p°C.  Thus  the  most  extreme  form  of  exercise  causes,  per 
second  of  the  exercise,  a  total  liberation  of  energy  of  1000  calories. 
This,  if  continued,  would  be  equivalent  to  an  expenditure  of  4.18  kilo- 
watts or  of  5^  horse-power,  a  rate  which  it  would  clearly  be  impossible 
for  a  man  to  maintain  for  more  than  20  or  30  seconds.  The  total  oxygen 
dissolved  in  the  fluids  of  the  body  of  an  80  kilo  man,  at  the  resting  venous 
oxygen  pressure,  say  at  50  mm.  Hg,  is  about  100  cc;  the  total  oxygen 
combined  with  hemoglobin  in  his  blood  is  not  more  than  800  cc;  while 
the  rate  of  oxygen  supply  by  the  circulation,  even  after  it  has  been 
pushed  to  its  extreme  limit  by  continued  exertion,  cannot  much  exceed 
6000  cc.  per  minute.  Consequently  the  most  violent  exercise  of  which 
a  man  is  capable  may  in  5  seconds  lead  to  breakdowns  requiring  recovery 
oxidations  sufficient  to  exhaust  all  the  molecular  oxygen  a\^ailablc  in  the 
body;  and  since  such  exertion  may  be  continued  certainly  for  20  seconds 
the  body  may,  so  to  speak,  go  into  debt  for  oxygen  to  the  extent  of  3000 
or  4000  cc.  It  is  this  fact  alone  which  makes  it  possible  for  the  body  to 
carry  out  the  more  violent  forms  of  exertion;  were  it  necessary  for  the 
oxygen  supply  to  keep  pace  with  the  exertion  the  capacity  of  the  body 
for  short-lived  violent  effort  would  be  reduced  to  one-half  or  less.  The 
same  fundamental  importance  of  recovery  oxidations  is  shown  by  the 
experiments  of  Lindhard  (43),  (44).  Here  the  subject,  for  example, 
maintained  his  body- weight  for  about  1  minute  with  arms  bent,  the  rate 
of  oxygen-intake  being  measured  during,  and  at  various  moments  after 
the  exercise.  In  one  experiment  the  total  increased  oxygen-intake, 
as  the  result  of  the  exercise,  was  1125  cc,  of  which  only  108  cc.  were  used 
during  the  working  period  itself.  Lindhard  explains  the  lowness  of  the 
oxygen-intake  during  the  working  period  as  due  mainly  to  the  rigidity 
of  the  active  muscles  placing  a  severe  restraint  upon  the  circulation  in 
them,  and  so  restricting  their  oxygen  supply.  The  fact  that  nearly 
1000  cc  of  oxygen  are  required  in  the  recovery  of  what  is  really  a  very 
limitetl  mass  of  muscles,  Hufhciontly  explains  the  extreme  fatigue  oc- 
fa.sioned  by  this  type  of  "static  work;"  this  quantity  of  oxygen  is 
retiuircd  to  remove  about  5J  grams  of  lactic  acid;  the  muscles  involved 
probably  do  not  woigii  more  than  2  kilos;  c()nse([uenlly  a  concentration 
is  attained  of  some  0.2  per  cent  to  0.3  per  cent — somewhere  near  the 
maximum  amount  attainable  by  stimulation. 

PaHT  IV.   TlIK  I'LACK  OF  LACTIC  A(  II)  IN  THE  MECHANISM*.   Tho  IttcUc 

acid  maximum  cHt«bliHho<l  by  Fletcher  and  Hopkins  (20),  tho  fact  that 
the  hcat-production  asMociated  witli  tlu?  anaerobic  formation  of  lactic 
acid  tfhowR  the  same  phenomena  (20),  and  tliat  this  iieat-pro(hu'tion  is 
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3  to  4  times^  as  great  as  that  obtainable  from  the  breakdown  of  glycogen 
into  lactic  acid,  led  various  writers  (and  especially  the  present  one)  to 
assume  the  existence  in  muscle,  in  limited  amount,  of  some  lactic  acid 
"precursor"  possessing  stores  of  energy  available  for  release  in  muscular 
activity,  this  precursor  being  restored  during  oxidative  recovery  (33). 
Recently  however  evidence  has  accumulated  that  the  lactic  acid  maxi- 
mum is  due  to  a  process  of  "self-inhibition,"  the  formation  of  acid  being 
stopped  by  the  rising  hydrogen  ion  concentration  (41),  (53).  If  the 
rise  of  hydrogen  ion  concentration  be  prevented  in  any  way,  e.g.,  by 
alkali,  or  by  diffusion  of  the  lactic  acid  into  surrounding  Ringer's  solu- 
tion, the  formation  of  acid  may  reach  a  considerably  higher  level.  The 
same  thing  is  borne  out  by  the  experiments  of  Meyerhof  (56),  who 
found  the  total  mechanical  response  (i.e.,  to  complete  fatigue),  as 
also  the  acid  maximum,  to  be  increased  in  an  alkaline  medium.  Hence 
one  aspect  of  the  case  for  such  a  type  of  lactic  acid  precursor  completely 
disappears.  Moreover  the  evidence  has  become  overwhelmingly 
strong^  that  lactic  acid  arises,  possibly  not  directly,  from  glycogen  (59), 
(55),  and  the  work  of  the  Embden  School  (14),  (15),  which  there  is  no 
space  to  discuss  here,  seems  to  show  that  some  hexose-diphosphate  is  a 
link  in  the  chain  by  which  glycogen  and  lactic  acid  are  mutually  trans- 
formable into  one  another.  According  to  Meyerhof  (55),  the  reaction 
may  be  formulated  as  follows  (writing  glycogen  as  (C6Hio06)n). 

Anaerobic  breakdown 

5/n  (Ca  Hio  06)n  +  5  HjO  +  8  H,  PO4 

-*4  C,  Hio  O4  (H2P04)2  +  C,  H12  Os  +  8  H2O 

->8  C3  H,  O,  +  8  H3  PO4  +  Ce  Hij  O. 

Oxidative  recovery 
8  C3  He  O3  +  8  H3  P0«  +  C«  Hi,  Og  +  6  O2 
-^4  Cc  Hio  O4  (H2P04)2  +  6  CO,  +  14  H^O 
->4/n  (Ce  H,o  06)n  +  8  Hj  PO4  +  6  CO2  +  10  H2O 

If  this  be  so  we  are  left  with  one  fundamental  problem,  the  fact  that 
the  heat-production  in  the  anaerobic  phase  is  much  greater,  and  in  the 
oxidative  recovery  phase  much  less,  than  corresponds  to  the  chemical 
reactions  written  down.  Landolt  and  Bornstein  give  the  heat  of  com- 
bustion of  glycogen  as  4191  calories  per  gram,  and  of  lactic  acid  as  3661 
calories.^    Thus  0.9  gram  of  glycogen  forms  1  gram  of  lactic  acid  with 

*  Since  the  above  was  written  a  paper  has  appeared  by  Foster  and  Moyle, 
Biochem.  Journ.,  1921,  xv,  672,  which  strongly  confirms  this  conclusion.  See  also 
Hopkins'  Herter  Lecture,  No.  2,  Johns  Hopkins  Hosp.  Bull.,  1921,  xxxii,  359. 
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the  evolution  of  only  109  calories,  an  amount  only  ^  to  j  of  that  actually 
appearing  in  the  anaerobic  formation  of  1  gram  of  lactic  acid  in  muscle ; 
there  is  an  excess  of  some  250  calories  to  account  for.  In  the  recovery 
phase  there  is  a  similar  deficit.  It  is  natural  to  attribute  this  alternat- 
ing excess  and  deficit  to  the  forward  and  backward  progress  of  some 
reaction  directly  connected  with  the  mechanical  response.  In  the  com- 
plete anaerobic  cycle  of  an  isometric  contraction  and  relaxation  no  ex- 
ternal work  has  been  done  and  nothing  has  happened,  so  far  as  we  know, 
except  that  a  certain  amount  of  lactic  acid  has  appeared.  Any  action 
of  the  lactic  acid,  or  its  hydrogen  ion,  on  sensitive  surfaces  (Verkiir- 
zungsorten  (Meyerhof))  during  contraction  has  been  reversed  during 
relaxation,  a  conclusion  which  is  borne  out  by  the  fact  that  relaxation 
is  accompanied  by  heat-production  (23).  Everything  is  as  it  was, 
except  that  some  glycogen  has  disappeared  and  some  lactic  acid  has 
appeared,  not  indeed  free  acid,  as  Ritchie  (63)  has  shown,  but  acid  in 
some  combined  or  neutralised  form.  There  seems  no  escape  from  the 
conclusion  that  the  combination,  or  neutralisation,  of  the  acid  is  respon- 
sible for  the  extra  250  calories  appearing  in  the  anaerobic  phase,  and 
that  the  reversal  of  this  combination,  or  neutralisation,  is  responsible 
for  the  similar  deficit  in  the  oxidative  recovery  phase  (53,  p.  273). 

The  neutralisation  of  lactic  acid  with  bicarbonate  involves  only  a 
verj'  small  ([uantity  of  heat,  according  to  an  estimation  by  A.  V.  Hill 
(33,  p.  371)  only  about  27  calories  per  gram  of  lactic  acid.  This  is  not 
sufficient  to  account  for  the  excess  and  deficit  under  consideration.  The 
neutralisation  of  the  acid  with  free  base  (KOH)  would  supply  us  with 
enough  heat,  but  there  is  no  free  base  present.  It  may  be,  however, 
that  in  the  fluids  of  the  muscle  there  is  some  alkaline  protein  body 
capable  of  combining  with  and  neutralising  the  lactic  acid  with  the 
rcfiuired  evolution  of  heat.*  In  any  case  the  process  by  which  the  lactic 
acid  is  fixed  must  be  one  possessing  considerable  free  energy,  since  it  has 
to  reverM<»  the  very  vigorous  one  in  which  lactic  acid  reacts  with  the 
Hcmiitivc  surfaces  of  the  muscle,  producing  free  energy  in  the  mechanical 
form. 

In  thJH  way  the  vain  search  for  a  lactic  acid  "precursor,"  possessing 
stores  of  potential  energy  ready  for  subsequent  release,  has  lx)cn  replaced 
by  an  attcrn|)t  to  find  the  chetnical  mechanism  of  relaxation,  the  means 
by  which  lactic  a<'i(i,  having  (effected  the  <level<)i)ni(>nt  of  tension,  is 
n^movcd  from  the  site  of  its  action,  so  allowing  the  previous  state  to 
reappear. 
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In  a  recent  summary  (38)  J.  v.  Kries  has  sketched  the  following  pic- 
ture of  the  manner  in  which  muscular  contraction  occurs:  a,  contraction 
is  due  to  physico-chemical  forces  employing  a  form  of  energy  present  in 
amount  only  sufficient  for  one  maximal  contraction;  6,  in  relaxation 
this  form  of  energy'  is  restored  by  forces  which  may  be  described  as  the 
affinity  of  some  intermediate  body  for  lactic  acid;  this  body  is  present 
in  amount  sufficient  to  produce  relaxation  for  a  number  of  contractions; 
and  c,  in  recovery,  the  energy  of  the  intermediate  body  is  restored  by 
oxidative  processes.  It  will  be  seen  that  this  sketch  follows  very  closely 
the  lines  suggested  above. 

An  excellent  short  account  of  the  r61e  of  lactic  acid  in  muscular  con- 
traction has  been  given  by  Meyerhof  (50). 

APPENDIX 

Since  the  above  pages  were  completed  the  writer  has  been  able  to  see  the 
manuscript  of  a  paper  by  Meyerhof  (Energieumwandlungen  VI)  shortly  to 
appear  in  Pfliiger's  Archives.  The  conclusions  in  this  paper  are  so  pertinent  to 
the  discussion  here  that  they  have  been  included  in  this  appendix.  First,  Meyer- 
hof has  redetermined  the  heat  of  combustion  of  lactic  acid,  and  finds  it  appreci- 
ably different  from  that  given  in  books  of  chemical  tables.  He  finds  that  the 
formation  and  neutralization  (with  phosphate  or  bicarbonate)  of  1  gram  of  lactic 
acid  from  glycogen  leads  to  an  evolution  of  about  190  calories,  a  considerable  in- 
crease on  that  estimated  above.  He  finds  also  that  in  intact  muscle  the  same 
amount  of  lactic  acid  is  formed  anaerobically  from  glycogen  with  an  evolution  of 
about  370  calories.  If  the  acid  be  allowed  to  escape  into  a  surrounding  alkaline 
fluid,  this  value  is  considerably  reduced,  showing  that  something  more  than  neu- 
tralization with  an  alkaline  salt  occurs  in  the  living  muscle.  If  lactic  acid  be 
formed  from  glycogen  in  crushed  muscle  the  heat  corresponds  closely  to  the  190 
calories,  showing  that  here  we  have  merely  the  formation  and  simple  neutraliza- 
tion of  lactic  acid.  If  moreover  an  acid  be  allowed  to  penetrate  into  a  muscle, 
without  the  liberation  of  lactic  acid,  the  heat  produced  is  about  half  of  that  accom- 
panying an  equal  production  of  lactic  acid  in  the  live  muscle.  It  is  clear  therefore 
that  the  presence  of  the  lactic  acid  in  the  muscle  leads  to  an  evolution  of  about  180 
calories  beyond  that  caused  in  its  production  from  glycogen.  Meyerhof  supposes 
that  this  arises  from  the  heat  of  dissociation  of  the  muscle  proteins,  and  he  has 
shown  that,  although  the  neutralization  of  1  gram  of  lactic  acid  by  phosphate 
or  bicarbonate  yields  only  about  20  calories,  the  addition  of  the  same  acid  to 
buffered  amino  acid  solutions  yields  some  6  or  7  times  as  much  heat. 

It  is  very  probable  therefore  that  the  remaining  370  —  190  =  180  calories  must 
be  attributed  to  some  reaction  between  the  acid  and  the  protein  constituents  of 
the  sarcoplasm.  If  this  reaction  be  a  slow  one  it  may  account  for  the  delayed 
anaerobic  heat  shown  in  figure  6:  and  in  this  case  the  process  of  relaxation  may 
be  ascribed  to  the  immediate  neutralization  of  the  acid  by  alkaline  salts,  the 
acid  then  being  slowly  removed  by  the  proteins,  thereby  leaving  the  alkaline 
salts  free  to  function  in  later  relaxations. 
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THE  RELATION  OF  THE  ADRENALS  TO  THE  CIRCULATION^ 

R.  G.  HOSKINS 
Laboratories  of  Physiology,  Ohio  State  University,  Columbtts 

The  relation  of  the  adrenal  glands  to  the  circulation  presents  four 
major  questions.  How  is  the  circulation  affected  by  adrenal  deficiency 
and  by  the  administration  of  adrenal  extracts?  Do  the  adrenal  glands 
at  any  time  produce  sufficient  adrenin  to  affect  the  circulation?  If 
so,  what  factors  condition  adrenin  discharge? 

That  extensive  destruction  of  suprarenal  tissue  leads  to  marked  cir- 
culatory asthenia  has  been  recognized  since  the  work  of  Addison  and 
of  Brown-S^quard.  Profound  asthenia  leading  to  death  invariably 
follows  complete  destruction  of  all  the  adrenal  tissue.  The  causation 
of  the  cardio-vascular  collapse  has  been  studied  by  many  investigators 
but  is  still  undetermined.  Until  the  epoch  making  work  of  Oliver  and 
Schafer  in  1896  it  was  believed  that  adrenal  destruction  results  in  a 
fatal  accumulation  of  toxic  products  in  the  blood;  without  ever  having 
been  conclusively  disproved,  this  theory  has  largely  dropped  from  view 
because  of  lack  of  satisfactory  evidence  in  its  support. 

When,  however,  the  remarkable  power  of  adrenal  extract  as  a  cardio- 
vascular stimulant  was  discovered,  it  was  immediately  assumed  and 
for  years  generally  believed  that  the  essential  factor  in  the  symptoma- 
tology of  adrenal  deficiency  is  deprivation  of  the  so-called  active  prin- 
ciple, now  widely  known  as  adrenalin.  It  was  assumed  that  this  sub- 
stance is  constantly  discharged  in  sufficient  quantity  to  maintain  a 
stimulating   influence   on   the   sympathetic    nervous   system.     Blood 

iThe  literature  now]  includes  hundreds  of  papers  dealing  directly  or  in- 
directly with  the  relation  of  the  adrenal  glands  to  the  circulation.  Spacial  limi- 
tations obviously  preclude  specific  consideration  of  most  of  these.  More  de- 
tailed consideration  of  much  of  this  literature  may  be  found  in  the  new  editions 
of  Biedl's  and  of  Vincent's  well  known  monographs  and  in  Internal  Secretions  and 
Metabolism,  edited  by  Barker,  Hoskins  and  Mosenthal,  all  of  which  will  sup- 
posedly be  available  by  the  time  this  article  is  in  print. 
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pressure,  which  changes  quickly  under  the  influence  of  adrenin,  has 
been  used  largely  as  a  criterion  of  sympathetic  stimulation. 

Effects  of  adrenal  deficiency.  The  precise  circulatory  effect 
of  adrenal  deficiency  was  first  studied  by  Strehl  and  Weiss  (1).  Their 
method  was  to  register  changes  of  arterial  pressure  ensuing  upon  occlu- 
sion of  the  lumbo-adrenal  vein  in  the  rabbit.  They  noted  most  com- 
monly a  brief  fall,  which  returned  to  normal  upon  releasing  the  vein. 
Their  results  were  not  consistent  and  are  not  convincing  in  that  the 
period  of  occlusion  was  very  brief  and  that  the  depressor  effects  of 
sensory  stimulation  in  the  adrenal  region  were  not  recognized.  Young 
and  Lehman  (2),  in  Vincent's  laboratory,  repeated  the  experiments  on 
dogs,  leaving  the  ligatures  in  place  from  10  to  30  minutes.  But  very 
slight  fall  of  blood  pressure  occurred  and  that  very  gradually.  Young 
(3)  independently  repeated  the  experiment  and  observed  no  significant 
fall  of  pressure  for  hours.  Biedl  (4)  reported  that  in  case  of  the  adrenals 
transposed  to  an  extraperitoneal  situs,  extirpation  led  to  a  fall  of  blood 
pressure  that  lasted  15  to  30  minutes,  but  the  pressure  then  returned 
to  normal  and  remained  so  for  2  or  3  days. 

In  1912  Hoskins  and  McClure  (5)  repeated  the  ligation  experiments 
on  dogs.  Occluding  ligatures  were  placed  across  the  mouths  of  the 
lumbo-adrenal  veins  and,  after  waiting  for  the  immediate  eifects  of  the 
operation  to  disapp>ear,  the  results  of  closing  and  releasing  the  veins 
were  recorded.  Each  experiment  continued  from  10  to  30  minutes. 
In  only  one  ca.se  was  any  significant  fall  of  blood  pressure  observed. 
Vincent  and  his  students  (6)  have  recently  restudied  the  problem  by 
comparing,  over  a  period  of  from  12  to  40  hours,  the  course  of  blood 
pressure  of  anesthetized  dogs  with  adrenals  intact  and  those  with  the 
glands  extirpated.  No  significant  differences  in  blood  pressure  changes 
were  noted  after  adrenal  ligation.  Bazett  (7)  has  also  found  in  case  of 
cats  and  rabbits  that  adrenal  extirpation  fails  to  produce  prompt  fall 
of  blood  pressure.  Since  injected  adrenin  has  but  an  evanescent  effect, 
such  ob.sorvations  indicate  that  the  symptoms  of  adrenal  deficiency 
arc  not  due  to  lack  of  adrenin.  That  adrenal  extirpation,  however, 
rc8ult8  in  no  early  significant  alteration  cannot,  in  the  light  of  recent 
obacrvationH,  \xi  maintained.  Winkin  (8)  has  shown  that  the  blood 
prenfiurc  reactions  to  cerebral  anemia  are  modified  early  after  occlusion 
of  the  adn^nal  v(!Hm>lH. 

As  to  the  cttUHC  of  collapse  following  adrenal  extirpation,  Lllliott  (9) 
proposed  a  theory  that  minute  amounts  of  circulating  adrenin  are  nec- 
essary to  the  functioning  of  the  sympathetic  system;  that  is,  that, 
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without  actually  stimulating,  they  render  it  capable  of  transmitting 
impulses.  This  possibility  was  put  to  experimental  test  by  Hoskins 
and  Rowley  (10).  In  a  series  of  dogs,  either  normal  or  deprived  of 
their  adrenals,  the  effects  of  slow  infusions  of  dilute  "adrenalin"  were 
studied.  At  no  time  was  satisfactory  evidence  obtained  that  aug- 
mented adrenin  in  any  way  facilitated  the  transmission  of  vasomotor 
impulses.  The  condition  of  the  vasomotor  mechanism  was  studied 
by  peripheral  faradization  of  sciatic  and  splanchnic  nerves  and  by 
injections  of  nicotin  and  "adrenalin."  In  numerous  cases  the  adrenin 
infusion  lessened  the  vasomotor  irritability — sometimes  to  a  marked 
degree.  This  was  true  of  both  the  pressor  and  depressor  mechanisms. 
The  asthenia  of  adrenal  deprivation  does  not  depend,  therefore,  upon 
the  failure  of  the  sympathetic  as  a  conducting  mechanism.  Neither 
does  it  depend  upon  a  loss  of  sympathetic  irritability,  either  central  or 
peripheral,  as  was  shown  (11)  by  a  study  on  a  series  of  anunals  deprived 
of  their  adrenals.  At  a  time  when  the  animals  exhibited  marked  weak- 
ness, cardiac  and  skeletal,  reflex  hypertension  from  central  stimulation 
of  the  crural  nerve  persisted  as  did  pressor  reactions  to  adrenin.  The 
reactions  to  nicotin,  which  is  a  selective  sj-mpathetic  stimulant,  were 
often  even  exaggerated.  The  irritability  of  the  inhibitory  fibers  to 
the  gut  persisted  even  longer  than  that  of  the  pressor  fibers.  That 
some  part  of  the  circulatory  mechanism  is  early  impaired,  however, 
is  indicated  by  the  recent  work  of  Rich  (12),  who  found  that  hypoten- 
sion follows  double  epinephrectomy  within  a  period  of  from  4  to  7  hours, 
at  a  time  when  muscular  strength  is  still  retained. 

That  adrenin  loss,  itself,  ordinarily  plays  any  significant  role  in 
adrenal  deficiency  is  further  rendered  doubtful  by  the  fact  that  extir- 
pation of  one  gland  and  denervation  of  the  other  has  been  shown  by 
Stewart  and  Rogoff  (13)  to  result  in  no  apparent  difference  in  the 
health  of  the  animal,  even  though  the  adrenin  output  was  reduced 
below  detectable  limits  in  the  efferent  adrenal  vessels,  hence,  in  the 
general  blood  stream,  far  below  the  quantity  necessary  to  any  known 
pharmacodynamic  reaction.  That  adrenal  denervation  leaves  an 
animal  handicapped  in  meeting  the  strain  of  severe  muscular  exertion, 
however,  has  recently  been  shown  by  Hartman,  Waite  and  Powell  (14). 

On  the  whole,  it  is  doubtful  whether  the  striking  hypotensive  effects 
of  adrenal  deficiency  have  their  origin  within  the  sympathetic  system. 
Recent  work  of  Sandiford  (15)  and  others  showing  the  marked  effect 
of  adrenin  on  basal  metabolism  suggests  that  the  fault,  if  connected  in 
any  way  with  adrenin  deficiency,  lies  in  the  effector  rather  than  the 
conductor  mechanism. 
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The  effects  of  adrexin  administration.  The  outstanding 
results  of  intravenous  injections  of  adrenal  extract  were  accurately 
observ'ed  by  Oliver  and  Schafer.  In  short,  they  noted  that  blood  pres- 
sure is  strikinglj^  augmented,  the  heart  stimulated  and  the  blood  driven 
from  the  splanchnic  organs.  As  to  what  became  of  the  blood  thus 
shifted  from  the  viscera,  their  original  reports  gave  little  evidence. 
This  mass  shifting  seems  now,  however,  to  be  the  most  significant 
feature  of  adrenin  hemodynamics.  Hartman  (16)  was  the  first  to 
study  carefully  this  problem,  as  such.  His  general  plan  of  procedure 
was  to  administer  standard  doses  of  adrenin  to  animals  in  three  con- 
ditions: a,  with  circulation  intact;  h,  with  the  major  splanchnic  vessels 
ligated;  and  c,  with  the  major  extrasplanchnic  vessels  ligated.  It  was 
found  in  general  that  when  the  blood  traversed  the  extrasplanchnic 
circuit,  depressor  effects,  hence  vasodilatation,  resulted  from  the  ad- 
ministration of  adrenin;  whereas  when  the  circulation  was  confined 
predominately  to  the  splanchnic  area,  the  standard  dose  caused  a  rise 
of  pressure,  hence  vasoconstriction. 

Numerous  other  studies  of  the  detailed  effects  of  adrenin  in  the  splanch- 
nic area  have  been  made  by  plethysmography,  venous  outflow  and 
Stromuhr  methods.  The  literature  on  this  point  has  recently  been 
summarized  elsewhere  (17).  Suffice  it  to  say  that  later  work  in  general 
has  confirmed  the  observations  of  Oliver  and  Schafer  to  the  effect  that 
pressor  doses  of  adrenin  result  in  depletion  of  the  splanchnic  domain. 

Hartman's  studies  left  undetermined  the  problem  as  to  what  particu- 
lar structures  receive  the  blood  deflected  from  the  splanchnic  area. 
Since  the  volume  of  the  central  nervous  system  and  of  the  bones  is 
essentially  fixed,  and  since  the  glandular  structures  in  the  oxtrasplanch- 
jiic  areas  are  of  relatively  slight  volume,  the  mass  shifting  of  the  blood 
must  involve  predominately  the  muscle,  the  skin,  or  both.  Earlier 
observers  had  noted  that  ordinarily  the  limbs  react  by  contraction; 
now  and  again,  however,  expansion,  whicli  was  regarded  as  a  passive 
effect,  was  seen. 

The  diflfercntial  cffo(;ts  of  adrenin  in  the  skin  juul  muscle  were  studied 
in  the  writer's  laboratory  (18).  In  dogs,  studies  on  the  voliime  of 
intact  limbs  and  on  carotid  blood  pressure  were  made  sinuiltaneously. 
Both  pressor  and  depressor  doses  of  adrenin  were  administered  by 
vein.  In  most  cases  the  volume  of  the  hml)  decreased,  incspective  of 
the  systemic  reaction.  In  such  preparations  skin  and  bone  constitute 
a  large  proportion  of  the  tissue  mass.  The  effect  of  disarticulating 
the  hiiib  at  the  tibio-tarsul  joint  and  removing  tiie  paw  and  tlie  skin 
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from  the  plethysmograph  was  striking.  In  all  cases  except  when 
massive  doses  of  adrenin  were  injected  clean-cut  expansion  now  resulted. 
The  studies  were  extended  by  noting  simultaneously  the  rate  of  outflow 
from  a  muscular  and  a  cutaneous  branch  of  the  same  vein.  Within 
all  ranges  of  dosage  that  could  be  regarded  as  physiological,  whether 
pressor  or  depressor,  increased  outflow  from  the  muscular  branches 
and  decreased  outflow  from  the  cutaneous  branches  were  seen.  These 
observations  were  subsequently  confirmed  by  Hartman  and  Fraser 
(19)  and  by  Gruber  (20).  Gruber  further  found  that  cutting  the 
nerve  to  the  muscle  prevented  vasodilatation  during  the  earlier  period 
in  which  local  vasomotor  tonus  was  abolished,  but  as  tonus  was  re- 
gained dilatation  could  again  be  evoked.  The  outstanding  effect  of 
adrenin  within  physiologic  limits,  then,  is  to  shift  the  blood  from  the 
splanchnic  area  and  the  skin  to  the  skeletal  muscles.  This  effect  is 
seen  irrespective  of  whether  pressor  or  depressor  doses  are  used,  hence 
cannot  be  regarded  as  passive. 

Vasodilator  effects  of  adrenin.  That  adrenal  extract  may  produce  a 
fall  in  blood  pressure  was  reported  by  Moore  and  Purinton  (21)  in 
1900.  Aqueous  extracts  were  made  from  both  the  cortex  and  the 
medulla  of  the  glands.  The  protein  components  were  largely  removed 
by  boiling  in  a  slightly  acid  medium.  The  experunents  were  carried 
out  on  7  dogs  under  chloroform  anesthesia.  The  vagi  were  paralyzed 
by  atropin.  It  was  found  that  intravenous  injections  of  medullary 
extracts  in  doses  equivalent  to  0.005  to  0.010  mgm.  of  gland  substance 
per  kilogram  body  weight  gave  pressor  reactions  of  from  20  to  40  mm. 
Hg.  With  doses  below  0.001  to  0.003  mgm.  only  depressor  effects 
were  ordinarily  obtained.  Two  animals,  however,  gave  only  pressor 
responses.  These  investigators  left  open  the  question  whether  the 
change  from  pressor  to  depressor  reactions  was  due  to  the  presence  of 
an  unrecognized  impurity  or  to  the  activation  of  some  depressor 
mechanism. 

That  adrenal  extracts  are  able  to  produce  vasodilatation  and  thus  a 
fall  of  blood  pressure  was  reported  by  Dale  in  1906  (22).  This  investi- 
gator had  noted  that  ergotoxin  paralyzes  sympathetic  fibers  that  have 
a  stimulating  function,  leaving  more  or  less  intact  those  having  an 
inhibitory  function.  A  dose  of  adrenin  that,  in  a  normal  animal,  would 
evoke  rise  of  pressure  was  found,  after  ergotoxin  poisoning,  to  cause  a 
fall.  Elliott  (23)  reported  that  he  had  occasionally  observed  depressor 
effects  from  very  dilute  solutions  of  adrenin,  but  apparently  was  un- 
willing to  accept  the  observations  as  valid.     Despite  such  observations, 
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however,  for  many  years  the  depressor  effect  of  adrenin  was  regarded 
as  negligible  or  non-existent.  In  1912  Hoskins  and  McClure  (5),  and  a 
year  later  Cannon  and  L\Tnan  (24),  studied  more  carefull}'  the  systemic 
reactions  to  adrenin  in  different  doses.  With  very  slight  quantities 
it  was  found  that  the  outstanding  effect  was  depression;  then  as  the 
dosage  increased  the  depressor  was  gradually  superseded  by  a  pressor 
effect.  Cannon  and  Lyman  noted  that  both  the  pressor  and  depressor 
effects  were,  within  limits,  cumulative.  They  observed,  also,  that 
when  the  initial  blood  pressure  was  low,  only  pressor  effects  could  be 
elicited.     These  results  were  confirmed  by  Hartman  in  1915. 

Hartman  (25)  and  his  collaborators  have  more  recently  published 
extensive  observations  on  the  adrenin  vasodilator  mechanism.  They 
noted  that  if  the  splanchnic  nerves  were  cut,  adrenin  in  doses  that  had 
previously  caused  a  rise  of  pressure  now  caused  only  a  fall.  The  part 
played  by  the  central  nervous  system  in  the  vasodilator  reaction  was 
also  studied.  A  segment  of  intestine  or  a  limb  was  cut  off  from  the 
body  circulation  and  independently  perfused  with  warm  oxygenated 
Ringer's  solution.  The  part  was  connected  with  the  rest  of  the  body 
only  by  its  nerves.  The  organ  was  then  placed  in  a  plethysmograph  or 
the  venous  outflow  was  measured  directly.  Adrenin  injection  into  the 
general  circulation  brought  about  vasodilator  effects  in  the  isolated 
organ,  and  these  must  have  been  mediated  by  the  central  nervous  sys- 
tem or  ganglia.  Decerebration  failed  to  affect  the  reaction.  When 
the  medulla  was  destroyed  the  systemic  depressor  reaction  was  con- 
verted to  pressor,  but  the  dilator  mechanism  in  both  the  limb  and  the 
intestine  was  found  to  be  still  functional.  Destroying  the  spinal  cord 
failed  to  abolish  the  dilator  response,  hence  it  was  concluded  that  the 
effect  was  partially  determined  outside  the  central  nervous  system, 
proper.  Subsequent  investigation  showed  that  local  vasodilator  effects 
could  be  abolished  by  the  destruction  of  the  sympathetic  or  the  dorsal 
root  ganglia.  It  was  found  possible,  on  the  other  hand,  to  bring  about 
dilatation  by  the  application  of  adrenin  directly  to  these  ganglia.  A 
systematic  study  was  made  of  the  occurrence  of  the  vasodilator  reac- 
tion in  various  species  of  animals.  It  was  found  absent  in  reptiles, 
birds  and  rodcntia  (rats  and  rabbits),  but  present  in  the  opossum;  it 
was  demonstrated  in  the  carnivora  (cats,  dogs  iind  ferrets).  But  in 
the  cat  th«*  riicfliJinism  wmh  not  functional  until  alwut  the  11th  w(>ek 
of  life. 

FactoTH  that  rntMlify  adrenin  rcaclionH.  Various  factors  havt;  been 
found  to  modify  the  Hysteniic  reaction  to  adrenin.     The  (loetschtcst 
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for  exophthalmic  goiter  depends  upon  the  augmented  sensitivity  of  the 
sympathetic  system  with  resulting  increase  in  the  response  to  the  drug. 
Parathyroid  extirpation,  with  its  augmented  sympathetic  irritability, 
has  a  similar  effect.  Simonds  (26)  found  that  in  dogs  subjected  to 
anaphylactic  shock  and  peptone  poisoning,  the  response  to  adrenin  was 
either  much  diminished  or  entirely  lost,  Schiff  and  Epstein  (27)  have 
reported  that  general  debility  in  children  markedly  decreased  the  reac- 
tion to  adrenin.  Collip  (28)  found  that  the  pressor  reaction  was  aug- 
mented and  prolonged  by  the  administration  of  tissue  extracts,  whereas 
the  depressor  reaction  was  lost  or  even  converted  to  a  pressor  reaction. 
Similarly,  he  has  shown  in  a  striking  way  that  under  identical  condi- 
tions a  given  dose  of  adrenin  will  cause  a  depressor  response  in  a  dog 
under  light  anesthesia,  whereas  increasing  the  depth  of  the  anesthesia 
results  in  a  pressor  reaction  to  the  same  dose.  As  is  well  known,  if  the 
anesthesia  is  made  very  deep,  the  pressor  effect  is  finally  diminished 
(29).  Cocain  somewhat  sensitizes  the  dog  to  adrenin.  Hartman  found 
that  a  given  dose  of  adrenin  which  evoked  constriction  in  a  limb  brought 
about  dilatation  when  artificial  heat  was  applied.  The  effects  of  hemorr- 
hage are  sufficiently  indicated  in  Cannon  and  Lyman's  observations 
that  any  factor  leading  to  low  initial  tension  converts  the  depressor  to  a 
pressor  reaction.  Snyder  and  Campbell  (30)  perfused  adrenalin  through 
the  circulation  of  frogs.  It  was  found  that  decreasing  the  acidity  of 
the  menstruum  increased  the  vasoconstrictor  effect,  and  vice  versa. 
Collip  (31)  extended  these  observations  to  the  dog.  He  found  that, 
the  sudden  administration  by  vein  of  a  fairly  large  dose  of  sodium  car- 
bonate resulted  in  a  change  of  depressor  reactions  to  pressor.  A  sub- 
sequent injection  of  acid  sodium  phosphate  was  found  to  convert  the 
pressor  to  a  depressor  effect.  Such  reversals  could  be  obtained  repeatedly 
in  the  same  animal. 

From  the  foregoing  it  is  obvious  that  there  is  no  justification  for 
classifying  adrenin  as  a  vasoconstrictor  agent.  It  is  either  vasodilator 
or  vasoconstrictor,  depending  upon  the  amount  used,  the  organ  affected 
and  the  conditions  of  the  experiment,  as  regards  body  temperature, 
depth  of  anesthesia,  action  of  such  deleterious  factors  as  tissue  extracts, 
anaphylaxis,  etc,  A  failure  to  recognize  the  importance  of  these  modify- 
ing factors  accounts  in  part,  perhaps,  for  the  existing  conflicts  in  the 
evidence  regarding  adrenal  pharmacology. 

Effects  of  adrenin  on  the  heart.  As  regards  the  isolated  heart  the  evi- 
dence is  strikingly  consistent  that  adrenin  causes  stimulation.  Bur- 
ridge  (32)  has  shown  that  a  slight  amount  of  adrenin  markedly  im- 
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proves  the  activity  of  a  heart  exposed  to  unbalanced  Ringer's  solutions. 
He  believes  that  the  adrenin  effect  is  particularly  related  to  the  calcium 
ion  effect.  With  the  heart  in  situ  and  the  vagi  intact,  the  resulting 
high  blood  pressure,  when  larger  doses  of  adrenin  are  administered, 
usually  leads  to  secondary  depression, — at  least  of  the  chronotropic 
function.  On  teleological  grounds  dilatation  of  the  coronary  vessels 
would  be  expected,  and  in  most  animals  such  results  have  been  ob- 
tained. In  man,  however,  Barbour  noted  that  rings  cut  from  the  cor- 
onary arteries  responded  to  adrenin  by  contraction  only.  The  problem 
was  further  investigated  by  Barbour  and  Prince  (33),  using  another 
primate,  the  Macaccus  rhesus,  the  experiments  being  controlled  with 
rabbits.  Isolated  hearts  were  perfused  with  diluted  blood  to  which 
hirudin  was  added.  In  the  rabbits  increased  coronary  outflow  always 
resulted,  while  in  monkeys  precisely  the  opposite  effect  was  seen  under 
all  conditions  of  high  or  low  perfusion  pressure,  with  beating  or  resting 
hearts  and  with  all  effective  doses  of  adrenin.  The  doses  reported, 
however,  were  grossly  in  excess  of  any  to  which  the  heart  of  a  normal 
animal  is  supposedly  ever  subjected.  The  problem  is  in  need  of  further 
study  with  regard  to  the  accessory  conditions  known  to  influence  adrenin 
reactions  and  especially  with  regard  to  dosage. 

Effects  of  adrenin  upon  pulmonary  circulation.  The  effects  of  adrenin 
upon  the  circulation  of  the  lung  have  been  studied  by  a  number  of 
careful  investigators,  beginning  with  Brody  and  Dixon  and  Plumier  in 
1904.  The  earlier  observers  ordinarily  used  quantities  at  least  hun- 
dreds or  thousands  of  times  as  great  as  those  in  the  normal  blood  stream. 
In  general,  under  such  conditions,  increased  pulmonary  pressure  and 
vasoconstriction  were  seen.  Tribe  (34)  perfused  the  lungs  of  numerous 
cats,  dogs,  rabbits,  guinea  pigs  and  ferrets  with  adrenin  in  defibrinatcd 
blood.  With  high  dilutions,  dilatation  was  obtained,  while  with  large 
doses,  constriction  resulted.  Schafer  and  Lim  (35)  have  reviewed  the 
evidence  and  added  many  observations  of  their  own.  They  employed 
adrenin  in  dilutions  ranging  from  1 :2,(K)()  to  1  :()2,()()().  In  noiirly  every 
case  conHtriction  resulted. 

Studies  of  the  effects  of  epiiicpluiM  on  the  pulinoimrv  circulation 
in  living  animals  have  given  varied  resuhs.  Some  observers  have 
reported  increased  pressure  and  flow,  and  others,  decreased.  Des- 
lK)ui«  and  liunglois  (30)  using  an  electrical  method  detorminod  the  rate 
of  the  blood  flow  in  the  hings  of  the  dog.  Doses  of  ().()')  or  1.02')  nigm. 
accclerutiul  the  flow;  with  larger  doses  retardation  was  seen.  Anderes 
and  Chwtta  (37)  came  to  the  conclusion  that  athciiin  ordinarily  has  no 
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effect  upon  pulmonary  circulation.  Schafer  and  Lim  (35)  studied  the 
simultaneous  effects  on  pulmonary  and  systemic  blood  pressure.  The 
results  varied  somewhat  in  different  animals,  but  the  effects  were  more 
or  less  parallel  in  the  two  systems.  The  sum  total  of  the  available  evi- 
dence indicates  that  the  physiologic  effects  of  adrenin  in  the  lungs  are 
not  such  as  significantly  to  influence  the  systemic  circulation. 

Effects  of  adrenin  on  venous  pressure.  Venous  pressure,  according  to 
most  observers,  is  not  greatly  affected  by  adrenin,  except  in  large 
doses  that  result  in  back  pressure  from  the  heart.  Connet  (38)  has 
recently  reviewed  the  literature  and  reported  a  somewhat  extensive 
series  of  experiments  upon  50  dogs  and  25  cats.  She  worked  always 
with  quantities  of  adrenin  sufficient  to  cause  a  rise  in  arterial  pressure. 
In  order  to  eliminate  the  effects  of  respiratory  movements  and  of  anes- 
thesia, certain  experiments  were  carried  out  on  curarized  and  decere- 
brated animals.  In  these,  such  doses  as  0.15  mgm.  caused  marked 
increase  in  arterial  pressure,  leaving  pressure  in  the  vena  cava  unchanged. 
Ordinarily,  however,  some  increase  in  the  venous  pressure  was  noted, 
irrespective  of  whether  the  heart  rate  was  increased  or  decreased. 
Altogether,  it  would  appear  that  adrenin  has  relatively  little  effect 
upon  the  veins  and  this,  such  as  to  facilitate  the  systemic  circulation. 

From  the  foregoing  data  it  appears  that  the  adrenals  have  an  im- 
portant relation  to  the  circulation  and  it  is  at  least  possible  that  adrenin 
itself  plays  a  significant  role.  As  to  whether  such  is  the  case  under 
ordinary  circumstances,  opinion  is  divided.  Some  students  still  tend 
to  the  opinion  that  hypotension  resulting  from  adrenal  destruction  is 
due  merely  to  loss  of  circulating  adrenin.  Direct  attempts  to  prove 
this  have  for  the  most  part  given  negative  results. 

Is    ADRENIN    NORMALLY    SECRETED  IN  SIGNIFICANT    QUANTITY?       The 

ideal  method  of  determining  whether  adrenin  is  normally  secreted  in 
sufficient  amount  to  affect  the  circulation  would  be  to  ascertain  the 
minimal  amount  that  would  exert  a  detectable  influence  and  then  to 
determine  whether,  under  normal  conditions,  the  adrenal  glands,  to- 
gether with  accessory  chromophil  tissue,  secrete  this  amount.  Up  to 
the  present  time,  however,  determinations  of  the  adrenin  output  under 
normal  conditions  have  not  been  made.  It  would  seem  that  such  could 
be  approximately  achieved  by  utilizing  Biedl's  technique  of  transplant- 
ing the  glands  to  a  subcutaneous  locus,  with  care  to  preserve  intact 
both  the  circulation  and  innervation  and,  later,  securing  and  assaying 
the  efferent  blood.  With  proper  allowance  for  the  dilution  factor, 
the  amount  of  adrenin  in  the  blood  stream  could  then  be  calculated. 
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The  nearest  direct  approach  to  the  problem  has  been  made  by  Tren- 
delenberg  (39),  who  withdrew  blood  from  the  carotid  of  the  rabbit  and 
passed  it  through  the  circulatory  channels  of  the  frog.  His  results 
indicate  that  adrenin  occurs  in  the  arterial  stream  at  most  in  a  dilution 
of  1  to  2  or  3  biUions.  This  is  a  quantity  that  has  no  perceptible  in- 
fluence in  mammals.  Moreover,  it  was  not  demonstrated  that  the 
minute  amount  of  pressor  substance  found  by  Trendelenberg  was 
actually  adrenin.  This  experiment  obviously  left  undetermined  whether 
secreted  epinephrin  exerts  an  appreciable  influence  in  the  lesser  circu- 
lation or  in  the  respiratory  processes,  intervening  between  the  adrenals 
and  the  carotid  artery. 

Observers  of  a  decade  ago  were  of  the  opinion  that  adrenin  is  se- 
creted in  fairly  high  concentrations.  Later  investigators,  however, 
have  found  the  concentration  much  less.  The  method  employed  in 
such  determinations  has  been  ordinarily  to  open  the  body  cavity  and 
draw  off  the  blood  from  the  lumbo-adrenal  veins,  either  directly  or  into 
a  pocket  fashioned  from  the  vena  cava  and  assaying  it  outside  the  body. 
Using  this  method,  Stewart  and  Rogoff  (40)  and  Hoskins  and  McClure 
(5)  noted  in  dogs  a  total  output  approximating  0.0002  mgm.  per  kilo- 
gram body  weight  per  minute.  More  recently,  Stewart  and  Rogoff 
(41)  have  made  a  few  determinations  in  dogs,  obtaining  the  blood  more 
directly  through  a  lumbar  incision.  They  secured  an  output  approxi- 
mately the  same  as  with  the  older  technique.  However,  when  assayed 
by  the  pupillary  reaction  of  the  experimental  animal  the  output  in 
cata  appeared  to  be  about  0.0007  mgm.  (42).  It  is  to  be  noted  that  in 
all  such  cases  two  factors  which  probably  more  or  less  vitiate  the  results 
have  l)(»en  introduced,  namely,  anesthesia  and  trauma.  The  quantity 
of  adrenin  neccssarj'  to  affect  blood  pressure  was  founti  by  Hoskins  and 
McClure  (5)  to  be  about  0.0005  mgm.  per  kilogram  per  minute.  Ap- 
proximately five  times  as  nuich  was  nMiuirod  for  minimal  i)ross()r  effects. 
The  determinations  of  the  threshold  liavc  been  nuule  for  the  most 
part  in  animals  under  anesthesia,  but  work  in  the  writer's  laboratory, 
in  which  the;  reactions  to  a<h('nin  were  detcrniined  under  local  and 
under  general  ancHthesia,  showed  that  the  thresholds  do  not  vary  sig- 
nificantly unless  the  anesthetic  be  deep.  The  data  tlms  obtained  indi- 
cate roughly  that  the  amount  of  adrenin  sc'crctcd  is  of  the  general 
magnitude  of  that  requisite  to  influence  circulation,  but  the  experi- 
mental methods  have  involved  too  many  uncontrolled  variables  to  be 
convincing. 


RELATION   OF   ADRENALS   TO    CIRCULATION  353 

A  number  of  indirect  attacks  upon  the  problem  has  been  made. 
If  secreted  adrenin  were  a  normal  factor  in  regulating  the  circulation 
it  would  presumably  have  a  "sustaining"  effect.  If  it  be  assumed  that 
blood  pressure  is  being  continuously  sustained  by  adrenin  discharge, 
the  addition  of  a  slightly  greater  quantity  of  the  drug  should  result  in 
corresponding  increase  of  pressure.  If,  however,  a  dog  of  quiet  dis- 
position be  carefully  anesthetized  with  minimal  excitement  and  with 
minimal  trauma  and  an  artery  and  vein  be  cannulated,  small  quanti- 
ties of  adrenin  can  be  introduced  into  the  blood  stream  with  absolutely 
no  effect  upon  the  blood  pressure.  This  observation  in  itself  indicates 
that  no  significant  amount  is  being  secreted,  since  an  existing  threshold 
has  to  be  passed.  As  the  quantity  of  injected  adrenin  is  slowly  increased, 
the  first  reaction  to  appear  is  depression.  If  the  infusion  continues  at 
a  constantly  increasing  rate,  ultimately  the  depressor  effect  disappears, 
to  be  followed  by  a  pressor  effect.  The  logical  conclusion  from  such 
observations  is  that  the  adrenals  are  ordinarilj-^  quiescent  and  that 
the  first  effective  result  of  adrenin  discharge  is  decrease  of  arterial 
pressure,  brought  about  supposedly  by  dilatation  in  the  skeletal  muscle. 

A  somewhat  less  convincing  experiment  is  to  determine  simultaneously 
the  threshold  for  adrenin  vasomotor  effects  and  peristalsis-inhibiting 
effects.  In  the  writer's  experience,  peristalsis  is  brought  to  a  standstill 
with  considerably  higher  dilutions  than  are  required  to  exert  an  effect 
on  circulation.  Experiments  along  this  line  have  been  relatively  few, 
however,  and  have  extended  over  a  period  of  but  a  few  minutes.  It  is 
conceivable  that  adaptation  might  later  occur  and  intestinal  peri- 
stalsis be  resumed,  even  while  adrenin  in  pressor  quantities  was  being 
circulated. 

The  evidence  as  a  whole  militates  against  the  supposition  that  blood 
pressure  is  ordinarily  maintained  by  the  stimulating  influence  of  small 
quantities  of  adrenin  continuously  secreted.  It  is,  of  course,  obvious 
that  all  the  experiments  cited  have  been  made  under  artificial  conditions 
and  hence  do  not  exclude  the  possibility  that  in  the  normal  animal,  under 
perfectly  normal  conditions,  such  a  minimal  pressor  influence  may  be 
exerted  but,  in  the  face  of  the  evidence,  the  burden  of  proof  is  upon 
those  who  hold  this  view.  A  considerable  number  of  clinicians  has 
consistently  maintained  the  view  as  supporting  the  theoretical  etiology 
of  so-called  "  hypoadrenalemia."  In  this  connection,  it  may  be  recalled 
that  Cannon  and  Lyman  and  Collip  have  reported  that  with  conditions 
of  low  blood  pressure  adrenin  in  any  effective  amount  exerts  a  pressor 
influence.     The  clinical  theory  mentioned,  if  worked  out  with  sufficient 
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ingenuitj'',  is  not,  therefore,  untenable,  although  distinctly  improbable. 
The  more  probable  hypothesis  to  account  for  the  low  blood  pressure 
which  follows  adrenal  destruction  is  that  not  the  medulla  but  the  cor- 
tex is  at  fault.  Such  a  hypothesis  must  be  invoked  to  account  for 
the  final  death  of  an  epinephrectomized  animal,  for  it  is  impossible  to 
maintain  life  by  the  artificial  administration  of  adrenin  in  any  way  or 
in  an}'  quantity. 

Factors  conditioning  adrenin  discharge.  However  unlikely 
it  is  that  adrenal  discharge  exerts  a  significant  effect  upon  the  circula- 
tion under  ordinarj'  conditions  of  quiescent  existence,  there  has  accu- 
mulated much  evidence  that  under  special  conditions  the  rate  of  dis- 
charge may  rise  to  an  effective  level.  The  problem  has  been  under 
almost  continuous  investigation  in  the  laboratories  of  Stewart  and 
Cannon  for  more  than  a  decade  and  a  large  proportion  of  the  available 
data  has  come  from  these  two  sources. 

Nervous  control  of  adrenal  discharge.  That  stimulation  of  the  splanch- 
nic fibers  running  to  the  adrenal  glands  may  lead  to  augmented  adrenin 
discharge  was  first  observed  by  Biedl  and  by  Dreyer,  who  noted  that 
blood  collected  from  the  adrenal  veins  during  splanchnic  stimulation 
had  a  greater  pressor  effect  than  that  obtained  without  such  stimula- 
tion. Recently  Tournade  and  Chabrol  (43)  have  confirmed  this  by  a 
crossed  circulation  experiment  in  which  the  adrenal  blood  from  one  dog 
was  shunted  directly  to  the  jugular  vein  of  a  second.  Splanchnic 
nerve  stimulation  in  the  first  gave  a  rise  of  blood  pressure  in  the  second. 
Stewart  and  Rogoff  have  further  shown  that  section  of  the  splanchnic 
nerves  leads  to  a  marked  depression  of  adrenin  output — at  least  under 
the  artificial  conditions  of  their  experiment.  The  demonstration  of 
functional  nerve  fibers  to  an  organ  is  essentially  tantamount  to  proof 
of  its  central  control. 

Langley  found  that  in  the  cat  the  splanchnic  nerves  received  white 
rami  from  the  fourth  or  fifth  thoracic  segment  to  the  second  lumbar 
s^ment  of  the  8i)inal  cord.  The  inunediatc  source  of  fibers  to  the 
adrenals  would,  therefore,  fall  somewhere  within  these  limits.  Stew- 
art and  Rogoff  (44)  attempted  to  locate  more  precisely  the  region  of 
outflow  by  sectioning  the  spinal  cord  at  various  levels.  They  investi- 
gated the  adrenal  output  by  the  denervated  eye  reaction  of  Meltzor 
and  the  intestine-utcruH  method  of  Stewart.  Tiiey  were  unable  to 
detect  any  difference  of  adrenin  w'cretion  following  destruction  of  any 
part  of  the  central  nt^rvouH  MyHt<»m  aH  low  as  the  last  cervical  section. 
When,  however,  the  cord  was  furtli<r  .|<>^« toyed  it  was  found  that  sc- 
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cretion  ceased  and  it  was  concluded  that  the  fibers  concerned  in  the 
hberation  of  adrenin  do  not  extend  much  below  the  third  thoracic  seg- 
ment. They  concluded  that  there  is  a  center  for  adrenal  discharge 
in  the  upper  part  of  the  thoracic  cord.  They  were  unable,  however, 
to  demonstrate  activation  of  this  center  except  by  pharmacologic  means 
(strychnia  or  sodium  carbonate). 

Cannon  and  Rapport  (45)  have  investigated  further  the  location 
of  the  adrenal  center.  They  used  as  criterion  of  adrenal  discharge, 
change  of  the  rate  of  the  denervated  heart.  Careful  precautions  were 
observed  to  eliminate  incidental  variables  such  as  redistribution  of  the 
blood,  differences  in  initial  blood  pressure,  changes  in  respiration,  etc. 
That  the  adrenal  glands  were  secreting  under  the  conditions  of  the 
experiments  was  indicated  by  a  decrease  in  the  heart  rate  when  the 
adrenal  glands  were  removed.  It  was  found  possible  to  bring  about  an 
increased  heart  rate,  varying  from  12  to  40  beats  per  minute  in  various 
instances,  by  stimulation  of  the  sciatic  or  brachial  nerves.  Successive 
ablations  of  the  higher  portions  of  the  brain  failed  to  abolish  this  ac- 
celerating effect  until  transection  was  made  about  2  mm.  caudad  to  the 
corpora  quadrigemina.  When,  however,  this  portion  of  the  central 
nervous  system  was  destroyed,  sciatic  or  brachial  stimulation  no  longer 
evoked  increased  heart  rate.  It  had  previously  been  shown  that  re- 
moval of  the  adrenal  glands  under  similar  experimental  conditions 
likewise  abolished  the  heart  acceleration;  hence,  it  was  concluded  that 
the  center  for  adrenal  discharge  lies  in  the  region  mentioned.  It  was 
found  further  that  stimulation  of  the  central  end  of  the  vagus  or  of  the 
depressor  nerve  caused  a  slowing  of  the  denervated  heart  by  as  much 
as  24  beats  per  minute.  This  reaction  likewise  persisted  after  ablation 
of  the  brain  as  low  as  the  corpora  quadrigemina,  but  disappeared  when 
the  brain  stem  was  destroyed  a  few  millimeters  caudad  to  the  corpora. 
This  depression  likewise  disappeared  when  the  adrenal  glands  were 
removed. 

Methods  of  accelerating  adrenal  discharge.  The  conditions  that  de- 
termine adrenal  activity  have  been  under  careful  study  for  more  than 
10  years.  As  was  early  recognized,  the  presence  of  sjTapathetic  se- 
cretory nerves  to  the  glands  establishes  strong  a  priori  likelihood  that 
adrenal  secretion  would  be  brought  about  by  any  influence  which  acti- 
vates the  sympathetic  sj^stem  generally;  that  is,  by  such  conditions  as 
cause  stoppage  of  gastro-intestinal  peristalsis,  increased  blood  pressure, 
dilatation  of  the  pupils,  contraction  of  the  pilo-motor  muscles,  etc. 
It  has  long  been  known  that  such  reactions  are  readily  evoked  by  strong 
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emotions,  by  pain,  and  by  asphyxia.  It  is  likewise  easily  demonstrable 
that  they  may  be  evoked  by  the  intravenous  injection  of  adrenin.  To 
prove  or  disprove,  however,  to  the  satisfaction  of  critical  physiologists 
whether  adrenal  discharge  actually  occurs  under  experimental  condi- 
tions has  presented  a  verj^  difficult  problem.  A  voluminous  contro- 
versial literature  on  the  point  has  accumulated.  The  evidence,  pro  and 
con,  can  be  found  for  the  most  part  in  articles  by  Stewart  and  Rogoff 
and  by  Cannon  and  his  collaborators.  But  a  few  of  the  observations 
can  be  mentioned  here. 

The  deduction  that  emotions  cause  adrenal  discharge  was  put  to 
experimental  test  by  Cannon  and  de  la  Paz  (46)  in  1911.  By  means 
of  a  flexible  catheter  introduced  through  the  femoral  vein  into  the  vena 
cava  above  the  level  of  the  lumbo-adrenal  veins,  blood  was  secured  from 
cats  both  before  and  after  emotional  excitation.  This  blood  was  then 
assa\^ed  for  its  adrenin  content  by  use  of  strips  of  longitudinal  intestinal 
muscle.  Evidence  was  thus  obtained  of  significant  adrenal  discharge 
during  emotion.  Removal  of  the  adrenal  glands  abolished  the  reaction. 
By  essentially  the  same  technique,  Cannon  and  Hoskins  (47)  obtained 
evidence  of  adrenal  discharge  during  asphyxia  and  strong  sensory  stimu- 
lation. Anrep  (48)  shortly  afterward  noted  that  a  denervated  limb  or 
kidney  first  expanded,  then  contracted  sharplj',  when  the  central  end 
of  the  cut  sciatic  nerve  was  stimulated.  This  contraction  occurred  in 
the  face  of  an  augmented  blood  pressure,  hence  could  not  be  regarded 
as  passive.  Since  the  organ  was  denervated  the  contraction  must  have 
been  brought  about  by  some  chemical  substance.  Since  the  reaction 
disappeared  when  the  adrenals  were  excluded  the  chemical  substance 
was  supposed  to  have  been  adrenin.  Anrep's  observation  on  the  de- 
nervated limb  was  confirmed  by  Pcarlman  and  Vincent  (49).  These 
phenomena  Stewart  and  Rogoff  undertook  to  explain  on  a  basis  of 
redistribution  of  blood  or  changes  in  the  rate  of  flow.  Burton-Opitz 
(5()),  however,  as  well  as  other  investigators,  have  recorded  evidence 
indicating  that  such  explanations  are  not  tenable.  Gley  and  Quin- 
quaud  (51)  studied  the  effects  of  asphyxia  on  adrenal  discharge.  In 
brief,  they  noted  that  4  to  8  cc.  of  achcnai  blood  caus(>(l  as  great  rise  of 
blood  pressure  when  obtained  during  asphyxia  as  did  15  cc.,  obtained 
without  asphyxia.  Likewise,  tliey  noted  tliaf  20  cc.  of  blood  from  the 
vena  cava  above  the  lunibo-adrcnul  veins,  after  3  or  4  minutes  of  as- 
phyxia, caumul  a  rise  of  arterial  pressure  from  24  to  45  mm.  higher  than 
wiw  pro<luccd  by  the  same  quantity  of  caval  blood  siiniliirly  obtained 
before  asphyxia.     Similarly  Kellaway  (52),  using  t  he  pui)illary  reaction, 
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obtained  data  indicating  that  asphyxia  causes  adrenal  discharge.  More 
recently  Gley  has  taken  the  ground  that  the  adrenals  do  not  play  a  sig- 
nificant part  in  the  experimental  vasomotor  reactions. 

An  important  advance  in  technique  was  introduced  by  Cannon  (53) 
in  1917.  This  was  the  use  of  the  denervated  heart  as  an  indicator  of 
adrenal  discharge.  Stewart  had  previously  used  the  denervated  pupil, 
but  changes  in  pupillary  diameter  lend  themselves  less  readily  than  do 
changes  of  heart  rate  to  objective  recording.  Cannon  and  Rapport 
(54)  showed  that  in  an  animal  in  which  redistribution  of  the  blood  was 
largely  eliminated  by  tying  the  carotid,  brachial  and  renal  arteries 
and  the  lower  aorta  and  by  cutting  the  mesenteric  nerves,  brachial  and 
sciatic  stimulation  resulted  in  increased  heart  rate,  varying  from  12 
to  39,  most  of  the  figures  falling  in  the  upper  range.  Such  results 
have  been  criticised  by  Stewart  and  Rogoff  on  the  grounds  that  it  is 
possible  to  demonstrate  cardiac  acceleration,  even  with  the  adrenals 
removed.  The  explanation  of  the  discrepancy  apparently  lies  in  the 
fact  that  in  animals  that  are  digesting  meat  there  may  be  discharged 
from  the  liver  an  unknown  substance  which  stimulates  the  heart  (55). 
If,  however,  the  hepatic  nerves  are  severed,  this  no  longer  enters  as  a 
disturbing  factor,  and  in  such  animals  clean-cut  acceleration  of  the 
pulse  can  be  obtained  by  sensory  nerve  stimulation  and  subsequently 
done  away  with  by  the  removal  of  the  adrenal  glands.  That  these 
effects  were  due  essentially  to  adrenal  discharge  rather  than  to  circu- 
latory changes  of  any  sort  was  shown  by  the  injection  of  adrenalin  at  a 
constant  rate,  simulating  normal  adrenal  discharge,  while  the  sensory 
nerves  were  being  stimulated.  In  such  cases  the  augmentation  of  the 
heart  rate  failed  to  appear;  hence  it  cannot  be  argued  that  the  tachy- 
cardia was  due  to  any  sort  of  redistribution  of  a  constant  amount  of 
adrenin  coming  from  the  glands. 

Recently  Cannon  and  Carrasco-Formiguera  (56)  have  restudied  the 
problem,  using  Stewart's  original  technique  except  that  the  denervated 
heart,  instead  of  the  denervated  pupil,  served  as  test  object.  They 
found  that  when  the  blood  from  the  adrenal  glands  was  restricted  from 
the  circulation,  reflex  cardio-acceleration  was  prevented.  After  removal 
of  the  venous  block  the  response  again  appeared.  The  time  interval 
between  the  beginning  of  reflex  stimulation  and  the  cardiac  response 
was  approximately  the  same  as  that  seen  after  stimulating  the  splanchnic 
nerve  or  injecting  adrenin  by  vein.  Similarly,  asphyxia  for  45  seconds 
resulted  in  cardio-acceleration  when  adrenal  egress  was  possible  but 
failed  to  do  so  when  the  adrenal  discharge  was  blocked. 
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Altogether,  it  seems  that,  despite  the  ingenuity  with  which  the  data 
have  been  criticised,  enough  careful  and  concordant  observations  are 
now  available  to  justify  the  conclusion  that  the  adrenal  glands  are 
controlled  by  the  central  nervous  system  and  that  they  are  stimulated 
to  effective  secretion,  as  would  be  expected,  by  such  influences  as  affect 
other  organs  under  sympathetic  control.  These  influences  are,  es- 
pecially, strong  emotions,  pain  and  asphyxia.  The  adrenin  thus  dis- 
charged reinforces  the  s^inpathetic  stimulation  leading  to  a  mass  shift- 
ing of  the  blood  from  the  "vegetative"  organs  to  those  involved  in 
neuromuscular  exertion. 

r6sum6 

The  adrenal  glands  have  a  definite  pharmacologic  relation  to  the 
circulation  by  virtue  of  their  production  of  adrenin.  Adrenin  causes 
stimulation  of  the  heart,  vasoconstriction  in  the  splanchnic  and  cutan- 
eous regions  and  dilatation  in  the  skeletal  muscle.  Increased  or  de- 
creased blood  pressure  may  result  depending  upon  dosage  and  various 
accessory  factors.  Adrenal  extirpation  with  its  resulting  circulatory 
collapse  proves  the  existence  of  a  physiologic  relationship  also.  This 
collapse  is  not  entirely  if  at  all  due  to  adrenin  lack  since  it  cannot  be 
long  forestalled  by  administration  of  the  drug  and  it  docs  not  ensue 
when  adrenin  secretion  is  reduced  below  detectable  limits.  The  slow 
development  of  the  symptoms  of  epinephrectomy  also  indicates  that 
they  are  not  due  to  sudden  failure  of  adrenin  as  a  stimulatory  substance. 
Direct  experimentation  shows  that  adrenin  often  depresses  sympathetic 
irritability.  Marked  symptomatology  develops  while  the  sympathetic 
system  responds  well  to  stimulation.  If  adrenin  deficiency  is  a  factor, 
it  probably  operates  in  the  effector  rather  than  the  conductor  mechan- 
isms. The  adrenals  are  stimulated  to  secretion  by  splanchnic  nerve 
irritation,  hence  are  supposedly  under  central  control.  Evidence  of 
the  existence  of  an  adrenal  center  immediately  caudad  to  the  corpora 
quadrigemina  has  l)cen  reported.  The  preponderance  of  the  evidence 
indicates  that  adrenal  depression  is  evoked  by  stinmlation  of  the  vagus 
or  depressor  nerves  and  augmentation  by  asphyxia,  pain  and  emotional 
excitement.  This  augmentation  results  in  a  nuiss  shifting  of  the  l)l()od 
from  the  skin  and  viscera  to  the  organs  involved  in  neuronuiscular 
exertion.  The  cortex  is  probably  the  in(lispen.sai)le  part  of  the  adrenal. 
The  medulla  apparently  serves  merely  to  reinforce  the  sympathetic 
^ttem  in  times  of  stress. 
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THE  INTERPRETATION  OF  SPINAL  REFLEXES  IN  TERMS 
OF  PRESENT  KNOWLEDGE  OF  NERVE  CONDUCTION 

ALEXANDER  FORBES 

Department  of  Physiology  of  the  Harvard  Medical  School 

The  contrast  between  the  phenomena  of  conduction  in  the  peripheral 
nerve  trunk  and  in  the  reflex  arc  has  been  the  theme  of  much  discussion 
in  the  Hterature  on  the  nervous  system.  The  comparative  simphcity 
and  approximately  machine-like  regularit}'^  of  the  response  to  stimula- 
tion in  the  nerve  trunk,  as  compared  with  the  great  complexity  of  be- 
havior in  the  animal  whose  central  nervous  system  is  intact,  has  led  to 
the  general  view  that  in  the  structures  of  the  central  gray  matter  exist 
functional  capacities  differing  fundamentally  from  those  of  the  nerve 
fiber,  and  indeed  having  no  counterpart  in  so  simple  a  mechanism  as  the 
nerve-muscle  preparation.  In  these  obscure  functional  capacities  of  the 
gray  matter  are  supposed  to  lie  the  secret  not  merely  of  the  coordination 
and  adaptation  of  spinal  reflexes,  but  of  volition,  memory  and  habit- 
formation. 

Faced  by  the  vast  complexity  of  the  entire  central  nervous  system  in 
even  the  lowest  of  vertebrates,  we  have  sought  to  attack  the  problems 
of  its  physiology  by  looking  for  the  key  to  these  functions  in  the  spinal 
reflexes,  taking  the  spinal  cord  as  the  simplest  mechanism  involving  the 
gray  matter. 

The  contrast  between  nerve-trunk  and  reflex  arc  may  be  viewed  from 
the  angle  of  the  diversity  of  purpose  which  the  structures  serve.  The 
nerve  fiber  apparently  exists  for  the  purpose  of  transmitting  messages 
to  remote  parts,  rapidly,  economically  and  without  modification.  The 
central  structure  appears  to  serve  as  a  junctional  point  where  messages 
from  many  regions  may  be  correlated,  relayed  and  distributed  to  other 
regions.  In  this  respect  the  fibers  and  centers  may  be  likened  to  the 
wires  and  central  offices,  respectively,  of  a  telephone  system. 

Anatomically  the  nerve  fiber  is  characterized  by  its  comparative 
simplicity,  extending  as  it  does  for  great  distances  without  branching  or 
changing  much  in  size  or  form.  In  contrast  with  this  the  gray  matter 
presents  a  picture  of  the  most  prodigious  complexity,  with  intricate  end 
branches  and  dendrites  providing  the  connections  for  extensive  coordi- 
nation of  conducting  paths  (1,  section  II). 
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Finally,  the  contrast  between  nerve-trunk  and  reflex  are  may  be 
\'iewed  from  the  angle  of  experimentally  observed  functional  differences. 
Sherrington  in  1906  (2,  p.  14)  smnmarized  the  differences  between  con- 
duction in  nerve-trunk  and  reflex  arc,  the  most  important  of  which  are 
as  follows: — Reflex  conduction  shows  a,  slower  speed  as  judged  by 
latency  of  response;  b,  after-discharge,  i.e.,  persistence  of  response  after 
stimulation  has  ceased,  often  for  several  seconds;  c,  summation,  single 
stimuli  in  many  reflexes  failing  to  produce  any  response,  whereas  ^ 
repeated  series  is  effective;  d,  irreversibility,  conduction  from  afferent 
to  efferent  neurones  being  possible,  but  in  the  reverse  direction  through 
the  central  structure,  impossible;  e,  fatigue  on  continued  stimulation, 
in  contrast  with  the  nerve-trunk  which  exhibits  extraordinary  resistance 
to  fatigue;  /,  far  greater  variability  of  threshold,  or  ease  with  which 
responses  can  be  evoked;  g,  mutual  relations  between  allied  or  antago- 
nistic reflex  arcs,  manifesting  themselves  as  reinforcement  or  inhibition; 
h,  far  greater  dependence  on  blood  supply  and  oxj-gen,  and  correspond- 
ingly greater  susceptibility  to  anesthetics.  Broadly  speaking,  these 
are  the  most  notable  differences  between  the  reflex  arc  and  the  nerve 
fiber  as  regards  conduction. 

We  are  confronted  with  the  question ;  wherein  lies  the  basis  for  these 
differences?  As  already  indicated,  microscopic  anatomy  reveals  great 
structural  differences;  the  nerve  fiber  presents  a  cylindrical  structure 
surrounded  by  a  membrane,  usually  by  a  sheath  of  myelin,  separating 
the  protoplasm  within  from  the  body  fluids  without;  the  reflex  arc,  on 
the  other  hand,  comprises  besides  relatively  simple  axons  conducting 
to  and  from  the  central  structures,  an  intricate  series  of  end  branches 
whereby  the  afferent  neurone  makes  contact  with  the  central  and  motor 
neurones,  elaborately  branched  dendrites  converging  in  cell  bodies 
containing  nuclei,  and  points  of  contact  or  connection  between  the  end 
branches  and  the  dendrites,  little  understood  as  to  their  finer  detail, 
designated  synapses. 

Sherrington  (2,  pp.  15-17)  presents  cogent  reasons  for  supposing  that 
the  nerve-cell  body  is  not  the  part  of  the  reflex  arc  to  wliich  its  iHM'uliar 
conducting  properties  arc  referable,  and  for  looking  instead  to  the 
synupHc,  or  point  of  connection  between  neurones.  He  suggc^sts  that  a 
membrane  or  surface  of  st'parution  across  wljicli  conduction  Ix'tween 
neurones  must  occur,  might  n-.idilv  accounl  for  tlie  functional  prop- 
erties of  the  MynapKc. 

Loch  (3,  pp.  4-(i),  some  yi.irs  laiinr,  ( mphiisizcd  theconlinuityof  the 
oooducting  protopla«nuc  palii  as  the  essential  feature  in  tiie  reflex  arc, 
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a  view  which  tends  to  place  the  burden  of  its  properties  rather  on  the 
distribution  of  the  pathways  than  on  the  presence  in  them  of  a  trans- 
verse membrane  of  separation  between  cells. 

We  might  conclude  that  the  indisputable  difference  between  the 
reflex  arc  and  the  nerve-trunk  lies  in  the  intricately  branching  system  of 
interconnections  on  the  one  hand,  and  the  isolated,  unbranched  arrange- 
ment on  the  other.  Other  significant  structural  differences  are  more 
open  to  question.  In  particular,  whether  there  is  indeed  a  true  surface 
of  separation  between  connecting  neurones,  or  whether  there  is  actual 
protoplasmic  continuity,  seems  not  to  be  settled  as  yet  by  any  histolog- 
ical research,  although  the  recent  work  of  Marui  (4)  points  to  the  latter 
view.  So  far  as  I  am  aware,  no  thorough  attempt  has  been  made  to  see 
if  other  possible  attributes  of  the  synapse  might  provide  a  basis  for  its 
behavior  in  as  satisfactory  a  manner  as  the  surface  of  separation  to 
which  Sherrington  has  drawn  attention.  I  shall  return  to  this  consid- 
eration later. 

Most  of  the  literature  concerning  the  physiology  of  the  central  nervous 
system  was  written  before  the  present  concepts  of  nerve  function  had 
been  developed.  For  this  reason  we  find  the  conducting  paths  treated 
as  if  they  were  pipe  lines  through  which  continuous  streams  of  an  imag- 
inary fluid  could  be  poured.  Correspondingly,  stimulation,  as  treated 
in  the  literature,  might  be  likened  to  opening  a  valve  or  faucet  whereby 
any  desired  quantity  of  this  fluid  is  poured  into  the  stimulated  nerve. 
The  application  of  an  interrupted  current  was  assumed  to  start  a  steady 
flow  of  nervous  energy  along  the  stimulated  nerve,  the  flow  being  graded 
in  volume  according  to  the  strength  of  the  stimulating  current.  Then, 
as  the  resulting  stream  of  nervous  energy  encountered  various  resis- 
tances in  its  path  through  the  central  connections,  it  was  supposed  to 
lose  its  strength  little  by  little  in  proportion  to  the  resistance  encount- 
ered (2,  p.  156).  Little  or  no  attention  was  paid  to  the  individual  nerve 
impulses  making  up  the  stream.  The  word  "excitability"  was  used  in 
a  loose  sense  without  definition,  variations  in  the  threshold  of  stimulus 
and  in  the  magnitude  of  response  being  used  indiscriminately  as  cri- 
teria, as  if  they  necessarily  had  the  same  meaning.  It  was  natural 
for  physiologists  to  treat  nervous  activity  in  this  way,  since  the  apparent 
gradation  of  response  to  stimuli  of  various  strengths,  both  in  the  nerve- 
muscle  preparation  and  in  the  spinal  frog,  suggested  that  the  strength 
of  a  nerve  impulse  might  be  graded  as  easily  as  the  current  flowing  in 
a  wire. 

Researches  in  the  last  fifteen  years,  especially  those  of  Lucas  and 
Adrian(5),  (6),  (7),  (8),  (9),  (10),  (11),  (12)  have  thrown  a  flood  ofnew 


364  ALEXANDER   FORBES 

light  on  the  phj'siolog}'  of  the  excitable  tissues  (nerve  and  muscle), 
which  must  necessarily  modify  our  interpretation  of  the  observations, 
past  and  future,  on  the  activities  of  the  central  nervous  system.  Specifi- 
cally there  is  need  of  revising  all  statements  which  irnply  without 
qualification  that  this  system  functions  by  means  of  continous  streams 
of  nerve  energy  which  may  be  varied  in  the  manner  of  streams  of  water, 
at  least  wherever  axons  are  concerned.  Also,  as  Lucas  has  pointed  out 
(11,  p.  48),  it  behooves  us  to  state  what  we  mean  more  explicith'  than  in 
the  past  when  we  speak  of  excitability. 

Even  since  the  firm  establishment  of  the  modern  concepts  concerning 
the  nerve  impulse,  very  few  papers  dealing  with  the  central  nervous 
system  have  shown  the  heed  for  them  which  an  adequate  treatment  of 
the  subject  demanded.  Notable  exceptions  are  Sherrington's  recent 
papers  (13),  (14),  (15)  on  the  flexion  reflex  and  Martin's  paper  (16)  on 
the  vasomotor  reflexes,  both  of  these  authors  having  given  the  most 
careful  consideration  to  the  implications  of  the  new  knowledge.  Not 
only  do  these  modern  concepts  of  nerve  function  place  definite  restric- 
tion upon  the  events  we  may  suppose  to  occur  in  the  various  axons  of 
the  nervous  system,  but  they  open  to  us  a  vista  of  great  possibilities  of 
drawing  in  the  future  a  simplified  picture  of  the  working  of  the  nervous 
system.  It  is  conceivable  that  through  a  great  generalization  in  this 
direction,  much  that  is  now  regarded  as  quite  inaccessible  to  analysis 
will  become  intelligible  in  relatively  simple  terms. 

The  exact  nature  of  the  nerve  impulse  is  not  yet  understood,  but  such 
a  definite  picture  of  its  general  nature-  has  emerged  from  the  above- 
mentioned  researches  that  we  may  already  begin  to  make  far-reaching 
changes  in  our  interpretation  of  the  nervous  system  as  a  whole.  The 
analysis  of  the  functional  response  in  excitable  tissues  has  been  carried 
far  enough  to  indicate  a  most  significant  and  fundamental  similarity  in 
the  behavior  of  all  those  subjected  to  quantitative  study.  Cardiac 
and  skeletal  muscle,  nerve  and  the  junctional  tissue  between  nerve  and 
muscle,  all  reveal  in  their  response  to  stimulation  certain  essential  and 
fundamental  properties  in  common,  differing  quantitatively,  but  not 
qualitatively.  The  disturbance  which  results  from  stimulation  and 
iUi  mode  of  initiation  both  seem  to  be  essentially  tlu^  same  in  all. 
That  in  tisHues  so  different  in  structurt»  and  embryonic  ancestry  as  those 
mentioned,  these  CHScntial  ehunents  of  function  should  be  lh(»  same  in 
all,  is  a  matUT  of  profound  .signilicancc  It  suggests  the  inherent  |)r()- 
pcniiity  to  react  in  this  way  as  perhaps  a  basic  property  of  living  cells 
in  general.    At  all  events,  it  establishes  the  probability  that,  the  pro- 
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pensity  exists  in  all  cells  in  the  nervous  system,  whose  embryonic  kin- 
ship to  each  other  is  far  closer  than  their  kinship  to  muscle. 

The  establishment  of  a  common,  and  fairly  well  understood  basis  for 
the  execution  of  the  functional  response  in  all  those  tissues  (nervous 
and  muscular)  which  have  yielded  to  functional  analysis,  suggested  to 
Lucas  the  possibility  of  its  universal  application,  and  led  him  to  raise 
the  following  question:  "Are  we  to  suppose  that  the  central  nervous 
system  uses  some  process  different  from  that  which  is  the  basis  of  con- 
duction in  peripheral  nerves,  or  is  it  more  probable  that  the  apparent 
differences  rest  only  on  our  ignorance  of  the  elementary  facts  of  the 
conduction  process?  If  we  had  a  fuller  knowledge  of  conduction  as  it 
occurs  in  peripheral  nerve,  should  we  not  see  Inhibition,  Summation, 
and  After-discharge  as  the  natural  and  inevitable  consequences  of 
that  one  conduction  process  working  under  conditions  of  varying 
complexity?"  (11,  p.  2.) 

The  scope  of  this  idea  is  large.  A  reduction  of  the  elements  of  neural 
activity  underlying  consciousness  and  behavior  to  the  single  basis  of 
the  nerve  impulse,  many  of  whose  physical  properties  are  now  known, 
and  whose  true  physical  nature  may  come  to  be  more  fully  understood 
in  the  future,  would  be  a  generalization  comparable  to  the  reduction  of 
all  the  various  chemical  elements  to  their  constitutent  protons  and 
electrons  (cf.  17,  p.  348). 

Elementary  functions  of  excitable  tissue.  Let  us  now  sum- 
marize the  salient  points  in  the  physiology  of  the  excitable  tissues 
as  revealed  by  recent  researches.  These  tissues  may  be  excited 
by  various  classes  of  stimuli,  mechanical,  thermal,  chemical  and 
electrical;  of  these,  electrical  stimuli  are  unique  in  their  ability  to 
excite  the  tissues  without  in  any  way  damaging  them,  and  in  the 
ease  with  which  they  may  be  regulated  for  quantitative  study.  When 
an  electric  current  is  passed  through  a  portion  of  a  nerve  or 
muscle  fiber  a  local  change  occurs  which  is  limited  to  the  vicinity  of  the 
region  through  which  the  current  flows.  If  this  local  change  does  not 
attain  a  certain  critical  intensity  it  produces  no  remote  effects  what- 
ever; if  it  is  made  sufficiently  intense,  however,  it  will  set  up  a  distur- 
bance which  is  conducted  away  from  the  point  of  stimulation  over  the 
entire  length  of  the  fiber.  A  fundamental  difference  exists  between  the 
local  change  and  the  disturbance  which  is  conducted  away  froiri  the 
point  of  stimulation,  a  difference  which  was  first  elucidated  by  Adrian 
and  Lucas  in  1912  (18,  p.  69).  To  the  local  change  they  gave  the  name 
"local  excitatory  process,"  to  the  resulting  disturbance  which  sweeps 
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over  the  tissue,  the  name  "propagated  disturbance,"  each  designation 
being  the  most  non-committal  possible,  expressing  the  most  essential 
features  of  each.  The  local  excitatory  process  is  distinct  from  the 
exciting  current,  and  can  be  shown  experimentally  to  persist  for  a  time 
after  this  has  ceased  to  flow,  the  rate  of  subsidence  being  characteristic 
for  each  tissue  (19).  Its  intensity  can  be  graded,  depending  on  the 
strength  and  duration  of  the  exciting  current.  The  researches  of 
Nernst,  Lapique,  Lucas  and  Hill  (20),  (21),  (22),  (23),  (24),  (7),  (25)  aU 
point  to  the  view  that  this  local  excitatory  process  consists  in  a  concen- 
tration of  ions  at  some  point  in  the  tissue.  The  propagated  disturbance 
which  results  only  when  the  local  excitatory  process  reaches  a  certain 
intensity,  sweeps  over  the  tissue,  leaving  it  refractory  to  further  stimu- 
lation for  a  brief  interval  of  time.  Nonnally  it  obeys  the  "all-or- 
nothing"  law  (9),  (10),  (26);  that  is,  it  cannot  be  varied  in  intensity  by 
any  variation  in  the  strength  of  stimulus.  The  propagated  disturbance 
has  been  known  classically  in  the  case  of  nerve  as  the  "nerve  impulse," 
in  the  case  of  muscle  as  the  "wave  of  excitation."  It  is  essentially  the 
same  sort  of  disturbance  in  both  tissues,  and  the  single  non-committal 
designation  of  Lucas  is  perhaps  the  best  name  by  which  to  recognize 
it  wherever  it  occurs.  Following  the  absolute  refractory  phase,  there 
is  a  period  of  recovery,  the  relative  refractory  phase,  during  which  the 
threshold  of  excitation  is  abnormally  high,  and  the  size  of  response 
which  can  be  evoked  is  subnonnal,  both  returning  gradually  to  normal. 
The  size  of  response  which  can  be  evoked  at  different  stages  during  the 
recovery  process  may  be  measured  in  the  case  of  nerve  by  either  of  two 
criteria,  /,  the  size  of  the  electric  response;  2,  the  distance  the  distur- 
bance can  travel  without  extinction  through  a  narcotized  region  where 
conduction  occurs  with  a  "docrement"  (18,  p.  95).  If  the  fluid  in  which 
the  ti.s.sue  is  iiiunerstHl  is  slightly  acid  there  is,  following  the  relative 
refractory  phase,  an  apparently  supernormal  phase  of  recovery.  During 
this  supc^rnormal  pha.se  the  excitability  and  the  magnitude^  of  response 
both  Ixiconie  shghtly  greater  than  their  final  resting  vaUics  (18,  pp. 
1 1 1-1 14),  (27).  Adrian  has  shown  (28)  that  neither  the  excitability  nor 
the  sizo  of  response  b<M;omos  greater  than  would  b(»  found  if  the  same 
timue  wore  in  neutral  fluid.  Th«'  supernonnality  is  only  relative,  due 
to  the  fact  that  in  an  acid  medium  the  final  resting  stage  is  subnonnal 
when  compared  with  the  condition  of  the  tissue  at  neutrnlily. 

Perhap*  the  mont  imi)ortant  feature  of  the  conce|)tion  of  the  nerve 
impulM*  which  hai»  come  from  these  researches  is  the  fact  that  the  energy 
of  propagation  of  the  disturbance  comes  not  from  the  stinmlus,  but  from 
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the  fiber  itself.  It  has  been  likened  (11,  p.  23)  to  the  burning  of  a  train 
of  gunpowder,  in  contrast  with  the  transmission  of  a  sound  wave  whose 
energy  comes  entirely  from  its  initiating  source.  This  fact,  now  well 
established,  should  put  an  end  to  all  efforts  to  explain  the  nerve  impulse 
simply  as  a  transient  current  of  electricity  conducted  along  the  fiber  on 
on  the  same  principle  as  in  an  insulated  wire;  the  dynamics  of  the  two 
modes  of  conduction  are  fundamentally  different. 

The  most  striking  item  of  evidence  that  the  source  of  energy  is  the 
nerve  fiber  itself  was  Adrian's  experiment  with  the  interrupted  areas  of 
narcosis  (9).  It  was  known  that  a  nerve  impulse  passing  through  a 
narcotized  region  is  not  extinguished  at  once,  but  by  a  gradual  process 
of  decrement.  Adrian  showed  that  if  the  impulse  is  in  this  way  almost 
extinguished  and  then  allowed  to  emerge  into  a  normal  region  beyond, 
it  recovers  at  once  to  its  full  magnitude.  This  observation  will  have  an 
obvious  and  most  important  bearing  on  the  physiology  of  nerve  centers, 
if,  as  has  been  suggested,  these  include  regions  where  conduction  occurs 
with  a  decrement. 

An  important  exception  to  the  all-or-nothing  principle  of  response  in 
nerve  has  been  shown  to  occur  when  the  stimulus  is  applied  in  a  nar- 
cotized region  which  is  conducting  with  a  marked  degree  of  decrement 
(29),  (30).  Here  a  certain  measure  of  gradation  in  the  size  of  response 
may  result  from  gradation  of  the  strength  of  stimulus. 

One  of  the  most  interesting  and  important  features  of  the  functional 
response  in  the  excitable  tissues  is  the  electric  response,  or  action  cur- 
rent. This  is  well  known  to  occur  in  nerve,  skeletal  and  cardiac  muscle 
and  in  glandular  tissue.  It  consists  of  a  wave  of  lowered  electrical 
potential  (with  respect  to  inactive  portions  of  the  tissue)  which  sweeps 
along  the  excited  fiber,  marking  the  progress  of  the  propagated  dis- 
turbance. Aside  from  its  theoretical  interest,  it  serves  as  a  convenient 
indicator  of  function  in  these  tissues,  especially  in  the  case  of  nervous 
tissue,  in  which  it  is  the  only  direct  and  well-defined  objective  evidence 
of  activity;  it  is  thus  most  useful  in  the  study  of  the  nervous  system. 

The  most  probable  explanation  of  the  various  manifestations  and 
attributes  of  the  functional  response  in  excitable  tissues  is  the  mem- 
brane theory  as  formulated  for  the  nerve  impulse  by  Briinings  (31). 
This  theory  holds  that  the  essential  element  in  the  structure  of  the  fiber 
is  a  semi-permeable  membrane  surrounding  it,  which,  because  it  is  less 
permeable  to  some  ions  than  to  others,  becomes  polarized,  i.e.,  estab- 
lishes a  difference  of  potential  between  the  inside  and  the  outside  of  the 
fiber;  and  that  the  nerve  impulse  consists  in  a  transient  breaking  down 
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of  this  polarization  through  increase  in  permeability.  Anelectrical 
response,  such  as  that  just  described,  would  inevitably  result  from  a 
progressive  transient  break-down  of  polarization,  and  Lillie  has  offered 
good  reasons  for  supposing  that  the  action  current  thus  produced  is  the 
actual  mechanism  whereby  the  disturbance  is  propagated  along  the 
fiber  (32).  He  has  shown  (33),  (34)  how  an  iron  wire  with  a  film  of 
oxide  on  its  surface,  immersed  in  nitric  acid,  furnishes  in  its  behavior 
a  striking  counterpart  of  the  nerve  impulse  in  several  respects.  The 
analogy  must  not,  however,  be  followed  too  far,  for  whereas  the  nerve 
fiber  during  its  relative  refractory  phase  responds  with  a  subnormal 
impulse,  this  is  conducted  without  decrement  along  the  fiber  (11,  p.  39), 
but  the  "iron  model"  when  stimulated  during  its  relative  refractory 
phase  conducts  with  a  decrement  similar  to  that  induced  in  a  nerve  by 
narcosis.  This  difference  probably  marks  a  point  of  fundamental 
divergence  between  the  two  systems.  For  a  more  detailed  considera- 
tion of  the  membrane  theory  reference  should  be  had  to  Lillie's  review 
in  this  journal  (35)  and  to  a  paper  by  Troland  (17)  in  which  there  is  a 
suggestive  discussion  of  some  theoretical  aspects  of  the  membrane 
theory,  but  in  which  the  discrimination  between  fact  and  speculation  is 
not  as  clearly  emphasized  as  would  be  desirable. 

As  indicated  above,  certain  of  the  most  fundamental  properties  of  the 
excitable  response  have  been  found  to  be  essentially  the  same  in  nerve, 
skeletal  and  cardiac  muscle  and  the  junctional  tissue  of  the  nerve- 
muscle  preparation.  The  established  facts  in  this  connection  should  be 
more  explicitly  enumerated.  The  relation  between  the  strength  and 
duration  of  an  electric  current  just  sufficing  to  excite  the  tissues  was 
worked  out  by  Lucas  with  a  high  degree  of  quantitative  rofinoinont  (5). 
The  duration  of  the  current  beyond  which  further  prolongation  ceases 
to  reduce  further  the  strength  required  to  excite,  is  taken  as  the  measure 
of  the  rate  of  subsidence  of  the  local  excitatory  process.  Lucas  found 
(7,  p.  245)  that  under  like  conditions  this  duration  for  different  tissues 
in  the  frog  was  as  follows : 

second* 

Cftrdiac  muscle  (vmtrirlp  2,0 

Hartoriiu  muscle  0.02 

Motor  nerve 0.003 

Neuro-musoular  junctional  tissue  (/S-substnncr  O.OOOi) 

In  spite  of  the  large  quantitative  differences,  the  shapes  of  the  curves 
relating  m*"*»»"^^  current  Htrongth  to  duration  arc  practically  the  same 
for  all  these  tiaeuee.    For  the  sake  of  more  accurate  comparisons  of 
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excitation  time  in  different  tissues,  Lapique  (36)  has  introduced  a  con- 
stant which  he  calls  "chronaxie,"  the  duration  of  a  constant  current 
just  sufficing  to  excite  if  it  has  double  the  strength  of  the  threshold 
current  of  unlimited  duration. 

The  all-or-nothing  law  of  response  is  classical  in  the  case  of  the  heart; 
it  is  virtually  established  for  the  individual  skeletal  muscle  fiber  by  the 
work  of  Lucas  (6)  and  the  later  work  of  Pratt  (37) ;  it  is  well  established 
for  nerve  by  Adrian's  experiments  (10).  The  refractory  phase,  which 
is  an  inseparable  concomitant  of  the  all-or-nothing  type  of  response, 
has  been  measured  in  the  case  of  cardiac  and  skeletal  muscle  and  in  nerve 
(38),  (39),  (40),  (41),  and  the  recovery  follows  the  same  sort  of  course 
in  each  case ;  the  duration  of  the  refractory  phase  differs  quantitatively 
in  these  three  tissues  in  a  manner  closely  proportional  to  the  differences 
between  excitation  times  given  above.  The  electric  response  occurs  in 
the  same  three  tissues,  having  much  the  same  form  in  all;  furthermore, 
its  total  duration,  rate  of  increase  to  maximum  and  rate  of  decline  bear 
nearly  the  same  relation  in  the  three  tissues  as  do  their  refractory  phases 
(42)  and  excitation  times  (chronaxies). 

Thus  far  the  evidence  points  strongly  to  a  community  of  functional 
propensity  in  these  tissues,  the  greatest  difference  between  them  being 
one  of  time  relations.  So  far  as  I  am  aware  there  has  been  no  proof  of 
all-or-nothing  response,  refractory  phase  or  action  current  in  the  neuro- 
muscular junctional  tissue,  and  I  believe  that  such  proof  would  be  dif- 
ficult to  obtain.'  But  if  we  may  argue  from  analogy,  we  may  be  justified 
in  supposing  it  probable  that  since  it  resembles  the  other  tissues  in  its 
excitatory  properties,  it  also  resembles  them  in  the  character  of  its 
response,  and  furthermore,  that  the  duration  of  its  response  and  re- 
fractory phase  may  be  approximately  three  times  as  brief  as  those  of 
motor  nerve.  This  must  be  recognized  as  conjecture,  but  it  may  prove 
to  have  an  important  bearing  on  the  physiology  of  the  reflex  arc,  as  will 
be  indicated  later. 

It  is  a  familiar  fact  in  physiology  that  whereas  both  muscle  fibers 
and  neuro-muscular  junctions  are  demonstrably  subject  to  fatigue, 
nerve  fibers  respond  to  repeated  stimulation  for  a  long  time  without 
suffering  in  this  respect  (43).  On  the  other  hand,  it  is  known  that  in 
absence  of  oxygen  a  nerve  will  cease  to  function  sooner  if  stimulated 
than  if  at  rest  (11,  p.  100).  It  is  possible,  therefore,  that  the  difference 
is  one  rather  of  degree  than  of  kind.     In  emphasizing  the  common 

•  Bazett's  observations  (41)  appeared  to  indicate  a  very  brief  refractory  phase 
in  the  junction,  but,  as  he  suggested,  they  may  be  open  to  another  interpretation. 
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character  of  the  functional  response  in  all  these  tissues,  there  is  no  intent 
to  belittle  the  importance  of  contraction  in  muscle,  an  attribute  of  its 
response  which  is  absent  in  nerve.  There  is  no  doubt  that  a  wholly 
new  functional  capacity  is  added  here,  and  that  it  constitutes  the  mus- 
cle's chief  function.  But  this  does  not  alter  the  fact  that  in  the  evolu- 
tion of  function  in  these  tissues  there  is  a  fundamental  propensity 
common  to  all 

An  important  bearing  of  all  this  on  the  physiology  of  the  nervous 
system  as  a  whole  is  that  in  peripheral  nerves,  at  least,  nervous  energy 
should  not  be  pictured  as  flowing  in  steady  streams,  but  in  nerve  im- 
pulses, each  of  which  is  a  distinct  event.  The  impulse  is  transient;  it 
passes  on,  the  tissue  is  then  refractory,  and  for  the  next  impulse  must 
be  excited  anew.  This  conception  is  established  for  peripheral  nerves; 
it  is  most  unlikely  that  it  should  be  otherwise  with  the  medullated  fibers 
in  the  great  tracts  within  the  brain  and  cord,  for  morphologically  they 
differ  little  from  the  peripheral  fibers.  Should  it  be  found  to  apply  to 
all  parts  of  the  central  conducting  path  the  influence  of  this  conception 
upon  our  views  of  the  working  of  the  brain  and  spinal  cord  would  be 
profound.  Perhaps  then,  the  most  significant  course  of  inquiry  before 
us  is  this:  does  the  type  of  response  portrayed  by  investigations  on  the 
nerve  trunk  constitute  the  basis  of  activity  throughout  the  nervous 
system?  Does  every  neural  disturbance  sweep  over  the  conducting 
paths  open  to  it,  leaving  them  refractory,  so  that  sustained  activity 
must  be  intermittent?  Or  is  there  something  at  the  synapse  which  can 
pass  into  a  sustained  state  of  activity  uninterrupted  by  refractory  phase, 
and  capable  perhaps  of  gradation? 

Application  to  reflex  phenomena.  We  may  now  consider  the 
salient  differences  between  conduction  in  the  reflex  arc  and  in  the  nerve 
trunk  enumerated  above,  in  the  light  of  the  modern  concept  of  the  func- 
tional response  in  nerve,  and  endeavor  to  see  how  far  we  may  go,  in  the 
present  state  of  our  knowledge,  along  the  way  indicated  by  Lucas;  that 
is,  the  interpretation  of  reflex  phenomena  in  terms  of  the  principles  of 
conduction  as  we  know  it  in  p<'ripheral  tissues. 

Conduction  time.  The  firHt  point  to  consider  is  the  slower  speed  of 
conduction  in  the  reflex  arc,  as  judged  by  latency  of  response.  The 
experiments  of  Jolly  (44)  and  those  of  Forbes  and  Hn^gg  (15)  agree  in 
indicating  that  in  the  flexion  reflex  evoked  by  a  Hinglc  sliock,  tlio  time 
consumed  within  the  cord  in  about  4  a.  In  the  case  of  the  knee  jerk 
Jolly  found  the  time  to  Im»  Hhorter  than  this,  but  in  every  r(>fl('X  the  rate 
of  conduction,  judging  from  the  total  distance  traversed  within  tlie 
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cord,  is  much  slower  than  in  the  peripheral  nerve  trunk.  This  delay 
has  its  counterpart  in  the  junctional  delay  in  the  nerve-muscle  prepara- 
tion. That  delay  occurs  here  is  a  well-known  fact  (11,  p.  66),  and  if  we 
regard  the  synapse  as  a  similar  junctional  tissue,  delay  in  the  reflex  arc 
implies  no  functional  property  not  present  in  the  peripheral  conducting 
path,  or  at  all  incompatible  with  the  fundamental  principles  of  this  type 
of  response  in  general.  The  very  much  greater  delay  in  the  reflex  re- 
sponse to  weak  stimuli,  described  by  Sherrington  (2,  p.  21),  amounting, 
in  the  case  of  the  scratch-reflex,  to  2  to  3  seconds,  involves  a  different 
principle,  for  in  these  cases  the  response  was  only  evoked  by  repeated 
stimulation.  The  problem  thus  becomes  one  of  the  summation  of 
propagated  disturbances  and  will  be  dealt  with  as  such  presently. 

After-discharge.  The  second  point  to  consider  is  after-discharge. 
Sherrington  (2,  p.  77)  has  shown  in  the  crossed  extension  reflex  an  after- 
discharge,  following  the  cessation  of  stimuli,  amounting  to  more  than 
12  seconds.  This  is  probably  in  part  due  to  the  secondary  reflex 
effect  originating  in  the  proprioceptive  impulses  coming  from  the  ex- 
tensor muscle  itself,  but  its  presence  even  in  the  "de-afferented"  prep- 
aration (46,  fig.  16)  shows  that  the  discharge  of  the  motor  neurones 
may  continue  for  several  seconds  after  all  afferent  impulses  have  ceased 
to  enter  the  spinal  cord.  This  phenomenon  appears  at  first  sight  to 
be  at  variance  with  the  principle  of  peripheral  conduction  in  which  the 
disturbance  sweeps  over  the  tissue  leaving  it  refractory.  There  appears 
to  be  instead  a  condition  of  sustained  activity.  But  when  we  consider 
that  in  the  gray  matter  we  are  not  dealing  with  isolated,  unbranched 
paths,  as  in  the  nerve  trunk,  but  with  a  complex  system  in  which  one 
afferent  fiber  is  probably  connected  with  many  central  neurones  through 
extensive  branching  (1,  section  II)  we  see  that  this  sustained  activity 
need  not  involve  any  fundamentally  different  conception  of  function 
from  that  developed  in  the  case  of  the  peripheral  tissues.  We  need 
only  assume  sufficiently  elaborate  and  extensive  paths  including  chains 
of  neurones,  each  adding  a  considerable  measure  of  synaptic  delay,  to 
account  for  any  observed  after-discharge  without  introducing  a  func- 
tional capacity  in  any  way  at  variance  with  the  all-or-nothing  principle. 
The  apparent  indications  of  sustained  activity,  in  which  refractory 
phase  plays  no  part,  may  thus  be  due  merely  to  the  complexity  of  the 
branching  paths  involved. 

Summation.  The  third  difference  between  reflex  and  nerve-trunk 
conduction  is  summation.  Superficially  the  reflex  response  to  a  series  of 
stimuli  when  none  occurs  to  a  single  stimulus,  appears  to  be  essentially 


372  ALEXANDER   FORBES 

the  same  phenomenon  as  the  familiar  smimiation  of  inadequate  stimuli 
in  the  fresh  nerve-muscle  preparation.  That  the  two  phenomena  are 
fundamentallj'  different  was  first  shown  by  Adrian  and  Lucas  in  1912 
(18),  and  the  distinction  is  clearly  set  forth  in  Lucas'  monograph  (11,  p. 
54).  The  point  to  bear  in  mind  in  this  discussion  is  that  whereas  in  the 
smnmation  of  inadequate  stimuli  the  first  stimulus  produces  only  a 
local  effect,  no  nerve  impulse  being  set  up,  in  reflex  sununation  we  are 
dealing  with  stimuli  which  are  adequate  as  far  as  the  afferent  nerve  is 
concerned; — each  suffices  to  set  up  a  propagated  disturbance  (nerve 
impulse),  but  the  single  impulse  fails  to  evoke  a  reflex  response; — a 
series  of  impulses  is  required.  This  form  of  summation  is  therefore  des- 
ignated "summation  of  propagated  disturbances." 

Adrian  and  Lucas  (18,  p.  72)  were  able  to  produce  this  type  of  sum- 
mation in  a  fatigued  nerve-muscle  preparation,  and  to  determine  the 
conditions  of  the  conducting  path  on  which  it  depended.  It  only  occurs 
when  the  nerve-muscle  junction  constitutes  a  region  of  decrement  suffi- 
cient to  block  a  single  impulse.  It  further  depends  on  the  timing  of 
the  interval  between  impulses,  so  that  the  second  shall  occur  during 
the  "supernormal  phase"  of  recovery  following  the  relative  refractory 
period.  Adrian  (28)  has  since  shown  that  this  supernormal  phase 
only  occurs  when  the  tissue  is  in  an  acid  medium,  but  this  is  a  state 
which  normally  results  in  muscular  tissue  from  activity,  and  therefore 
presumably  accompanies  fatigue  at  the  neuro-muscular  junction. 
Adrian  and  Lucas  (18,  p.  107)  were  able  to  produce  in  a  motor  nerve 
with  alcohol  vapor  an  artificial  region  of  decrement,  such  that  a  single 
impulse  failed  to  pass  through  it,  but  a  second  impulse  coming  in  the 
supernonnal  phase  of  recovery,  succeeded.  Summation  of  propagated 
disturbances  occurs,  then,  when  there  is  a  region  of  decrement  sufficient 
to  extinguish  a  single  impulse  and  when  a  second  impulse  follows  during 
the  supernonnal  phase  of  recovery,  this  condition  depending  on  acidity 
of  the  medium  surrounding  the  tissue. 

Adrian  and  Lucas  (18,  p.  120)  pointed  out  that  summation  in  the  re- 
flex arc  iH  clearly  a  summation  of  propagated  disturbances,  .ind  suti^;esto(l 
that  it  might  be  expluiiied  on  the  same  basis  us  the  sumiiKilioii  which 
they  analyzed  in  the  fatigued  nerve-muscle  preparation,  the  synapse 
taking  the  place  of  the  neuro-muscular  junction.  They  state  that  al- 
though the  wcond  impulHe  "may  fail  to  find  its  way  completely  through 
the  region  of  decrement  it  will  have  progressed  further  than  the  first 
and  so  have  op<;ned  a  longer  stretch  of  th('  conducting  tissue  to  the  pos- 
ffibility  of  Hupernomml  recovery;  cunntHiuently  the  third  disturbance 
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will  in  its  turn  outrun  the  second"  (18,  p.  119).  In  this  way  they  ex- 
plain the  fact  that  in  some  reflex  arcs  a  series  of  more  than  two  stimuli 
is  required  to  evoke  a  response. 

Adrian  (28,  p.  29)  has  further  drawn  attention  to  the  fatigability  of 
the  reflex  arc  and  its  dependence  on  oxygen  as  indications  that  acidity 
may  be  a  common,  if  not  a  constant  condition  in  the  neighborhood  of 
the  synapse,  and  that  such  acidity  as  occurs  there  in  normal  life  may 
suffice  to  account  for  both  regions  of  decrement  and  the  supernormal 
phase  of  recovery,  the  two  conditions  (besides  the  timing  of  impulses) 
requisite  for  summation. 

From  this  discussion  we  may  conclude  that  as  far  as  we  can  see  at 
present,  not  only  does  summation  as  observed  in  the  reflex  arc  call  for 
no  functional  propensity  differing  essentially  from  those  of  the  nerve- 
muscle  preparation,  but  that  the  conditions  of  variation  in  the  neuro- 
muscular mechanism  which  enable  it  to  manifest  summation  of  prop- 
agated disturbances  are  such  as  are  altogether  likely  to  exist  in  the 
central  mechanism  as  well. 

Irreversibility .  The  fourth  point  to  consider  is  the  valve-like  action 
of  the  synapse  whereby  impulses  can  pass  from  afferent  to  internuncial 
or  motor  neurones,  but  not  in  the  reverse  direction.  Sherrington 
(2,  p.  17)  suggested  that  this  property  might  be  the  result  of  disconti- 
nuity of  the  protoplasmic  path;  that  the  "synaptic  membrane,"  sup- 
posed to  be  interposed  between  neurones,  might  be  permeable  only  in 
one  direction  to  certain  ions. 

Another  suggestion  is  that  of  Lillie  (32,  p.  424),  based  on  his  conten- 
tion that  the  action  current  is  in  itself  the  essential  cause  of  propagation 
of  the  nerve  impulse.  He  suggests  that  irreversibility  depends  on  the 
relation  between  the  duration  of  the  action  current  at  one  point  in  the 
conducting  path  and  the  chronaxie  of  the  next  point,  which  must  be 
excited  by  that  action  current  in  order  that  the  disturbance  may  go  on. 
Let  us  examine  the  possibility  of  applying  this  idea  to  the  synapse. 
We  may  assume,  for  example,  that  the  time  relations  of  excitation  and 
response  in  the  dendrites  which  conduct  impulses  from  the  synapse  to 
the  axon  of  the  next  neurone,  are  much  briefer  than  those  of  the  end 
branches  through  which  the  impulses  approach  the  synapse.  In  order 
that  conduction  should  be  irreversible,  it  is  only  necessary  that  the 
action  current  in  the  end  branch  should  last  long  enough  to  excite  the 
dendrite,  but  that  the  action  current  of  the  dendrite  should  be  too  brief 
to  excite  the  branches  of  the  afferent  neurone,  because  of  their  longer 
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chronaxie.2  This  is,  of  course,  speculative,  but  it  is  not  at  all  beyond 
the  realms  of  possibility,  and  no  new  functional  propensity  would  be 
involved  in  such  a  mechanism.  It  should  be  noted,  incidentally,  that 
this  conception  does  not  require  any  transverse  synaptic  membrane. 

Fatigue.  The  next  point  is  the  contrast  between  the  great  suscepti- 
bility of  the  reflex  arc  to  fatigue  (2,  p.  218)  and  the  indefatigability  of 
the  nerve  trunk.  A  nerve  trunk  stimulated  40  or  50  times  a  second  will 
continue  to  conduct  impulses  at  this  frequency  for  hours  (43),  (47).  In 
contrast  with  this,  fatigue  in  the  reflex  arc  may  be  readil}^  demonstrated 
(48). 

In  the  spinal  cat  with  proper  controls  for  electrode  polarization  the 
flexion  reflex  may  show  marked  fatigue  in  a  half-minute  or  so.  That 
the  fatigue  is  central  is  proved  by  the  fact  that  immediately  after  failure 
of  reflex  response  stimulation  of  the  motor  nerve  will  evoke  a  full-sized 
contraction  of  the  muscle. 

Sherrington  (2,  p.  218)  and  Lee  and  Everingham  (49)  have  shown  that 
such  reflex  fatigue  does  not  involve  the  motor  neurone  as  a  whole,  but 
only  the  particular  channel  of  approach  to  it  which  has  been  employed. 
Under  Sherrington's  direction  I  found  (48)  that  fatigue  of  the  flexion 
reflex  as  evoked  through  the  popliteal  nerve  usually  did  not  impair  the 
response  evoked  immediately  afterwards  through  the  peroneal  nerve, 
and  vice  versa.  Indeed,  the  test  reflex  evoked  through  one  nerve  was 
usually  even  more  vigorous  after  fatigue  of  the  reflex  arc  through  the 
other  nerve  than  before,  although  when  the  fatiguing  stimuli  were  above 
a  certain  strength  the  subsequent  test  reflex  showed  slight  impairment. 
Sherrington  concluded  from  evidence  of  this  sort  that  the  seat  of 
fatigue  is  in  the  particular  synapse  whereby  the  motor  neurone  is 
excited  (2,  p.  218). 

It  is  well' known  that  in  the  nerve-muscle  preparation  the  ncuro-nuis- 
cular  junction  is  more  subject  to  fatigue  than  the  muscle  fibers. 
When  fatigue  is  establisluMJ  at  this  point  there  is,  as  we  have  already 
aeen  in  connection  with  the  phenomena  of  summation,  coiuluction 
with  a  decrement,  lieasons  were  mentioned  in  connection  with  sum- 
mation for  supposing  that  in  this  fatigued  condition  there  is  a  consider- 
able degrw  of  acidity  dciveloped  in  the  tissue.  Thus,  in  the  cas(»  of  the 
nervc-musclc  preparation,  as  well  as  in  tiie  reflex  arc,  we  have  reason 
to  stippoflO  that  fatigue  occurs  chiefly  in  the  junctional  tissue.     In  the 

*  .Mnrui't  obMrvation  (4)  that  neuro*fibrils  may  enter  a  cell  body  clncwhcre 
than  through  the  dendrite!  mixht  call  for  ii  roviiion  of  this  scheme,  but  would 
not  prevent  it*  development  in  anoUivr  furm. 
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neuro-muscular  junction  this  fatigue  is  associated  with  decrement. 
Both  in  connection  with  summation  and,  as  we  shall  presently  see,  in 
connection  with  inhibition  it  has  been  plausibly  argued  that  an  impor- 
tant property  of  the  synapse  is  conduction  with  a  decrement.  If  this 
be  so  it  emphasizes  one  more  point  of  similarity  between  the  reflex  arc 
and  the  nerve-muscle  preparation  (cf.  50),  and  it  will  be  altogether 
reasonable  to  suppose  that  fatigue  acts  by  increasing  the  decrement  in 
the  synapse  as  it  does  in  the  neuro-muscular  junction.  Closely  asso- 
ciated with  the  degree  of  fatigue  and  the  resulting  degree  of  decrement  in 
the  synapse,  we  may  expect  to  find  the  degree  of  acidity  an  important 
factor  in  the  operation  of  the  reflex  arc  under  various  conditions  of 
stress  and  fatigue. 

In  this  connection.  Stiles  (51)  has  drawn  attention  to  the  suggestive 
fact  that  the  finer  branches  of  the  neurones  in  the  synaptic  region  ex- 
hibit great  attenuation  of  the  conducting  substance,  and  that  therefore 
we  should  expect  any  material  required  for  the  transmission  of  the 
impulse  to  be  more  rapidly  exhausted  here  than  in  the  larger  fibers. 
He  further  remarks,  "On  the  other  hand,  it  should  be  speedily  repaired 
because  it  has  most  extensive  surface  relations  with  the  surrounding 
fluids." 

The  influence  of  the  strength  of  afferent  stimulation  in  determining 
its  effect  on  subsequent  reflexes,  referred  to  above,  presents  a  puzzling 
problem.     The  observations  were  as  follows: 

A  decerebrate  cat  was  so  arranged  that  an  extensor  muscle  could  be 
reflexly  inhibited  through  either  popliteal  or  peroneal  nerve  and  excited 
through  the  opposite  sciatic  nerve.  In  most  cases  inhibition  by  a  series 
of  stimuli  lasting  45  seconds  applied  to  the  popliteal  nerve  was  found  to 
augment  both  crossed  extension  and  its  reflex  inhibition  through  the 
peroneal  nerve  if  the  prolonged  stimulation  was  below  a  certain  critical 
strength,  but  if  above  this  strength,  the  prolonged  stimulation  was 
followed  by  depression  of  both  excitatory  and  inhibitory  reflexes.  The 
graphic  record  of  such  an  experiment  is  shown  in  figure  1  (48,  fig.  14). 
It  may  be  significant  that  the  critical  strength  of  the  stimuli  at  which 
this  change  occurred  in  the  effect  on  subsequent  activity  was  in  two  out 
of  three  of  the  animals  approximately  the  same  as  has  since  been  found 
just  sufficient  to  excite  all  the  fibers  in  such  a  nerve  trunk,  as  judged  by 
the  magnitude  of  the  action  currents.  It  is  conceivable  that  for  some 
reason  which  at  present  is  not  clear,  prolonged  excitation  of  all  the 
afferent  fibers  in  a  nerve  produces  a  generalized  synaptic  fatigue  in- 
fluencing all  the  synapses  in  the  center  whereby  both  excitatory  and 
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inhibitory  effects  are  evoked,  including  those  only  approached  through 
another  allied  nerve  trunk,  whereas  if  a  considerable  number  of  afferent 
fibers  are  not  stimulated  the  fatigue  is  limited  to  synapses  involved  by 
those  fibers  that  are  stimulated.  On  the  other  hand,  it  should  be  noted 
that  the  approximation  between  the  strength  of  stimulus  which  is 
maximal  for  the  nerve,  and  that  which  is  critical  as  to  the  central  after- 
effect, is  a  very  rough  one  at  best  and  may  be  a  mere  coincidence.  It 
may  be  that  the  whole  effect  is  one  of  acidity;  that  a  very  slight  degree 
of  acidity  in  some  way  increases  the  efficiency  of  conduction,  but  greater 
acidity  increases  the  decrement.     A  few  impulses  traversing  the  sj'nap- 
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Fig.  1.  Vasto-crureus  muscle.  Ascent  of  myograph  line  shows  contraction. 
Rwe  in  upper  signal  line  shows  excitatory  stimulus  (crossed  sciatic  nerve).  Fall 
in  lower  signal  line  shows  inhibitory  stimulus,  marked  /'  when  applied  to  peroneal 
nerve,  Pi  when  applied  to  popliteal  nerve.  Time  below  in  seconds.  Popliteal 
fltimulation  lasted  45  seconds  in  each  case,  drum  was  stopped  to  save  space  while 
stimulation  was  in  progress.  In  .4,  break  shocks  to  popliteal,  41  Z  units;  in  B, 
46  Z  units. 


868  might  produce  a  fatiguing  degree  of  acidity  only  in  their  immediate 
vicinity,  thu.s  limiting  fatigue  to  themselves,  and  facilitating  conduction 
in  other  adjacent  synap.ses.  Activity  in  a  much  larger  number  of 
8ynap8C8,  cfipecially  if  prolonged,  miglit  develop  enough  acid  to  cause 
a  feneralized  fatigue  of  all  the  synapses  in  the  vicinity.  The  recent 
observations  of  Marui  (62)  on  central  fatigue  show  somewhat  getuMal- 
iced  changes  suggefltive  of  catabolism,  and  in  no  way  incompatible  with 
the  conception  suggested  above. 

Variability  of  threahoki.     The  next  poinl   ht  ron.si.lt  r  is  tiie  greater 
variability  of  threshold  in  the  case  of  the  nilex  arc  tiian  that  fuuiul  in  the 
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isolated  nerve  trunk.  The  assumptions  as  to  the  degree  of  variability 
of  threshold  in  the  case  of  a  nerve  trunk  are  generally  based  on  the 
threshold  of  the  motor  nerve  as  judged  by  contraction  in  the  innervated 
muscle.  The  motor  nerve  threshold  thus  determined  appears  to  be  far 
less  subject  to  variation  than  the  so-called  threshold  of  the  reflex  arc, 
when  stimuh  are  applied  to  an  afferent  nerve.  This  brings  us  to  one  of 
those  points  in  the  traditional  physiology  of  the  central  nervous  system 
most  in  need  of  a  searching  revision  in  terms  of  modern  knowledge,  and 
at  the  same  time  one  of  those  points  in  which  it  is  most  difficult  to  see 
just  how  the  modern  conception  of  the  nerve  impulse  can  be  reconciled 
with  the  empirical  facts  concerning  the  central  structures.  Histologi- 
cally the  afferent  nerve  fibers  do  not  differ  appreciably  from  motor 
nerve  fibers.  Furthermore,  it  has  recently  been  shown  (30)  that  most 
if  not  all  of  the  fibers  of  a  pure  sensory  nerve  in  a  mammal  obey  the 
all-or-nothing  law  just  as  do  the  fibers  of  the  frog's  motor  nerve.  If 
the  stimulus  is  applied  to  an  afferent  nerve  trunk  how  can  the  threshold 
of  the  reflex  be  other  than  the  threshold  of  the  nerve?  If  by  reflex 
threshold  we  mean  the  threshold  of  the  afferent  nerve,  why  should  this 
show  any  essential  difference,  such  as  greater  variability,  from  the 
threshold  of  the  motor  nerve?  It  is  an  empirical  fact  that  the  reflex 
threshold  does  show  this  greater  variability,  and  it  is  difficult  at  first 
sight  to  see  how  the  difference  may  be  explained.  The  problem  is  pre- 
sented most  clearly  by  the  experiments  of  Lutz  (53).  He  showed  that 
in  the  frog,  with  electrodes  applied  to  an  afferent  nerve,  the  average 
threshold  for  the  flexion  reflex  was  twice  as  high  as  for  the  muscular 
response  with  electrodes  stimilarly  applied  to  the  motor  nerve.  He 
further  found  (54)  that  when  the  animal  was  cooled  the  threshold  for 
the  reflex  rose  nine  times  as  much  per  degree  centigrade  as  did  the  thres- 
hold of  the  nerve-muscle  preparation.  Since  he  used  single  shocks  of 
threshold  strength,  his  experiment  did  not  introduce  the  same  oppor- 
tunity for  confusion  through  summation  of  propagated  disturbances, 
which  enters  when  repeated  stimuli  are  used.  An  important  conclu- 
sion is  therefore  indicated  by  his  results.  If  each  afferent  fiber  were 
connected  with  a  single  motor  neurone,  the  pair  thus  constituting  a 
single  isolated  reflex  arc,  it  should  make  no  difference  in  the  motor 
response  of  that  arc  how  strong  a  stimulus  was  used  provided  it  sufficed 
to  excite  the  afferent  fiber.  The  threshold  for  the  reflex  would  be 
simply  the  threshold  for  the  afferent  fiber.  In  a  previous  communica- 
tion (55,  p.  285)  it  was  shown  that  to  account  for  the  great  variability 
of  reflex  threshold  compared  with  that  of  the  nerve  trunk,  on  any  basis 
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assuming  isolated  reflex  paths,  would  involve  a  series  of  coincidences 
too  improbable  to  be  worth  considering.  Moreover  the  branched  ar- 
rangement of  the  afferent  fibers  in  the  gray  matter  suggests  that  each 
one  may  be  connected  with  many  motor  neurones,  and  vice  versa.  It 
is  therefore  misleading  to  picture  a  single  afferent  neurone  connected 
with  a  single  motor  neurone  as  typifying  the  structure  of  the  reflex  arc ; 
we  should  instead  consider  the  nerve  center  as  a  place  of  convergence 
and  intermingling  of  many  separate  paths  (1,  p.  93).  This  view  is 
supported  by  the  physiological  evidence  cited  above  in  connection  with 
synaptic  fatigue.  The  inference  is  that  the  convergence  of  impulses  in 
many  aflferent  fibers  in  some  way  produced  a  different  effect  in  the 
motor  neurones  from  that  produced  by  a  few.  The  reflex  threshold 
would  then  depend  on  the  number  of  afferent  fibers  excited,  and  would 
no  longer  be  identical  with  the  threshold  of  the  most  excitable  fiber 
among  them.  In  this  way  we  could  readily  account  for  great  varia- 
tions in  reflex  threshold  through  agencies  which  cause  little  change  in 
the  threshold  of  the  afferent  fibers. 

How  can  this  inferred  influence  of  the  number  of  converging  impulses 
in  the  nerve  center  be  made  to  harmonize  with  our  conception  of  the 
nerve  impulse?  It  appears  to  suggest  a  gradation  of  central  activity 
incompatible  with  the  all-or-nothing  principle.  Are  we  to  suppose  that 
at  the  synapse  there  is  a  different  sort  of  activity  from  the  nerve  impulse, 
graded  in  intensity  according  to  the  nimiber  of  afferent  impulses  pro- 
ducing it,  its  ability  to  excite  the  motor  neurone  depending  on  the  in- 
tensity to  which  it  is  raised?  Or  are  we  to  look  on  the  synapse  as  a 
portion  of  the  conducting  path  with  the  same  fundamental  properties 
as  the  nerve  fiber,  but  with  different  time  relations,  and  perhaps  nor- 
mally conducting  with  a  decrement?  Decremental  conduction  in  it- 
self provides  the  possibility  of  gradation  of  intensity  in  the  individual 
impulse,  as  has  already  been  mentioned  in  an  earlier  section.  Yet  even 
without  this  sort  of  gradation  we  may  find  a  basis  for  explaining  the 
eflFect  of  convergence  of  impulses  at  a  common  point  in  terms  of  the  time 
relations  of  the  common  portion  of  tlio  path.  Forbes  and  Orogg  (50, 
p.  221)  found  reasons  which  will  be  discussed  presently  for  supposing 
that  some  part  of  the  central  conducting  path  has  a  briefer  refractory 
period  than  the  uffon'nt  fibers.  A  portion  of  Ihe  synaptic  region,  with 
a  very  brief  refractory  phase,  common  to  all  the  affcrynt  paths  involved, 
would  account  for  the  cflfeet  on  the  basis  of  summation  as  outlined  above ; 
for  even  the  synrhronoUH  volley  af  impulses  set  up  in  the  afferent  lUMve 
by  a  single  shock  tuight  arriv(>  a(  the  eonuMon  path  at  slightly  difYerent 
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times,  and  it  would  then  only  be  necessary  that  the  refractory  phase 
should  be  brief  enough  for  some  impulses  to  arrive  in  the  supernormal 
phase  of  recovery  in  order  that  they  might  in  combination  break  through 
a  synaptic  resistance  where  without  such  combination  they  would  be 
extinguished. 

We  may  conclude  that  the  great  variability  of  the  apparent  threshold 
of  stimulation  in  evoking  reflex  response  points  strongly  to  the  central 
intermingling  or  convergence  of  conducting  paths  (evidenced  histologi- 
cally in  the  branching  of  fibers)  as  an  essential  feature  in  the  interpreta- 
tion of  experimental  results.  We  may  further  conclude  that  though 
these  experiments  offer  difficulties  in  the  way  of  picturing  central  activ- 
ity in  terms  of  the  properties  of  functional  response  known  in  pe- 
ripheral tissues,  these  difficulties  may  not  be  insuperable,  possible  ways 
of  surmounting  them  being  offered  both  by  the  character  of  decremental 
conduction  and  by  great  brevity  of  refractory  phase  somewhere  in  the 
central  part  of  the  path. 

Mutual  relations  between  allied  and  antagonistic  reflex  arcs.  Sherring- 
ton (2,  p.  175)  has  pointed  out  several  instances  of  reinforcement  of  the 
activity  of  one  reflex  arc  by  stimulation  of  an  allied  arc.  For  example, 
flexion  of  a  hind  limb  is  evoked  in  the  spinal  mammal  either  by  afferent 
stimulation  of  the  limb  itself  or  by  similar  stimulation  of  the  forelimb 
on  the  opposite  side;  combined  stimulation  of  both  limbs  evokes  the 
response  more  easily  than  either  stimulus  alone.  There  are  several 
other  instances  of  this  sort  of  reinforcement  sometimes  referred  to  as 
"Bahnung."  This  phenomenon  appears  to  fall  readily  into  the  cate- 
gory of  effects  just  discussed  under  variation  of  reflex  threshold.  If 
those  effects  can  be  explained  by  convergence  of  individual  afferent 
paths,  so  can  reinforcement.  In  this  connection  may  be  mentioned 
Camis'  observation  (57)  that  the  contraction  in  the  flexion  reflex  was 
greater  if  evoked  by  simultaneous  stimulation  of  both  popliteal  and 
peroneal  nerves  than  could  be  evoked  by  stimulating  either  one  alone. 
This  might  be  ascribed  to  the  connection  of  the  afferent  fibers  of  the  two 
nerves  with  different  motor  neurones;  but  against  this  view  are  the  facts 
mentioned  in  connection  with  reflex  fatigue.  The  modification  (in- 
crease or  decrease  according  to  strength  of  stimulus)  of  subsequent 
reflex  response  to  stimulation  of  one  nerve  following  prolonged  stimula- 
tion of  an  allied  nerve  suggests  that  both  sets  of  afferent  paths  are 
connected  centrally  with  the  same  motor  neurones. 

We  may  conclude  that  central  reinforcement  is  merely  additional 
evidence  of  convergence  of  conducting  paths  from  various  sources  at 
common  points  in  the  nervous  system. 
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A  different  relation  between  reflex  arcs  which  is  the  exact  opposite 
to  reinforcement  in  effect,  is  reflex  inhibition.  This  is  one  of  the  most 
striking  and  puzzhng  of  all  the  phenomena  in  the  phj'^siology  of  the 
nervous  sj'stem.  It  plays  an  important  part  in  the  "reciprocal  innerva- 
tion of  antagonistic  muscles"  of  which  Sherrington  has  made  such  an 
extensive  study  (2,  p.  83),  (58),  (59),  (82),  (60),  (61),  (62),  (63).  The 
elementary  facts  of  reciprocal  innervation  in  the  limb  reflexes  are  as 
follows:  The  normal  dominant  reflex  responses  to  stimulation  of  an 
afferent  nerve  in  a  hind  limb  are  the  flexion  reflex  and  the  crossed  ex- 
tension reflex;  the  flexion  reflex  consists  in  reflex  excitation  of  the 
flexor  muscles  and  inhibition  of  the  extensor  muscles  in  the  same  limb 
as  the  stimulated  nerve;  the  crossed  extension  reflex  consists  in  reflex 
excitation  of  the  extensors  and  inhibition  of  the  flexors  in  the  opposite 
hind  limb.  Under  certain  conditions  some  of  these  responses  may  be 
replaced  by  their  exact  opposites;  this  may  be  termed  reversal.  Several 
interesting  types  of  reversal  have  been  described;  these  will  be  con- 
sidered later. 

Reflex  inhibition  in  its  most  striking  form  may  best  be  exhibited  in  a 
decerebrate  mammal  in  which  all  muscles  acting  on  the  knee  joint  ex- 
cept the  extensor  (vasto  crureus)  are  paralyzed  by  section  of  their  motor 
nerves.  The  animal  is  placed  on  its  back  with  the  femur  clamped  in 
vertical  position  so  that  the  weight  of  the  foot  tends  to  flex  the  knee. 
Contraction  of  the  extensor  is  then  shown  by  the  rise  of  the  foot  into  an 
extended  position,  relaxation  by  its  fall.  The  decerebrate  animal  will 
usually  exhibit  the  sustained  "tonic"  contraction  of  the  extensor  mus- 
cles known  as  decerebrate  rigidity;  thus  the  knee  will  be  held  in  an  ex- 
tended position.  Failing  this,  the  extensor  can  be  reflexly  excited  by 
stimulation  of  the  opposite  hind  leg  ("crossed  extension  reflex").  In 
either  case,  if,  while  the  knee  is  extended,  a  strong  stimulus  is  applied 
to  an  afferent  nerve  in  the  leg  under  observation,  the  extensor  muscle 
relaxes,  allowing  the  foot  to  fall  abruptly.  This  relaxation  is  part  of 
the  flexion  reflex  which,  as  Sherrington  has  pointed  out  (2,  p.  229),  is 
the  obvious,  defensive  reaction  whoroby  an  animal  in  normal  life  with- 
draws it«  foot  from  a  thorn  or  other  ()l)j<'('t  which  causes  injury.  It  was 
once  suppowjd  that  this  inhibition  might  be  effected  by  nerve  impulses 
going  to  the  muscle  by  way  of  special  iiihil)itory  fibers  in  the  motor 
nerve.  It  has  long  b<M»n  established  (2,  p.  100),  ((■)4)  lluit  this  is  not  the 
case;  that  the  scat  of  inhibition  is  central,  and  that  the  condition  for 
relaxation  of  the  muMcle  is  the  cessation  of  imi^ulses  in  its  motor  nerve. 

How  are  we  to  int<'rpret  this  striking  plicnojucnon  of  rcllcx  inhibition 
in  terms  of  the  fundamental  properties  of  the  nerve  impulse?    We 
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stimulate  an  afferent  nerve  and  thereby  cause  impulses  to  travel  to  the 
spinal  cord,  but  by  some  strange  process  in  the  nerve  center  this  activity 
is  transformed  into  absence  of  activity  in  the  motor  neurones  subject 
to  inhibition. 

In  1885  Wedensky  (65)  described  a  phenomenon  in  the  nerve-muscle 
preparation,  bearing  at  least  a  superficial  resemblance  to  reflex  inhibi- 
tion, and  in  1911  Lucas,  in  a  brilliant  series  of  experiments,  established 
the  true  nature  of  the  Wedensky  effect  (66).  Lucas  further  indicated 
a  possible  way  in  which  the  principle  involved  might  conceivably  apply 
to  reflex  inhibition.  Much  has  been  written  about  these  points  in  the 
literature  (26,  p.  11),  (12),  (55),  and  they  are  so  important  that  it  is 
worth  while  to  review  them  here. 

The  Wedensky  effect  in  the  nerve-muscle  preparation  is  as  follows: 
If  the  preparation  is  moderately  fatigued  by  stimulation  through  the 
motor  nerve  a  stage  is  reached  in  which  a  series  of  stimuli  of  proper 
strength  and  frequency  applied  to  the  nerve  evokes  only  an  initial  twitch 
in  the  muscle  followed  by  its  complete  relaxation.  While  these  stimuli 
are  being  applied,  additional  stimulation  of  the  nerve  nearer  the  muscle 
fails  to  make  it  contract.  If  the  frequency  of  the  stimuli  is  decreased 
to  a  certain  point,  it  will  render  them  effective  in  establishing  tetanic 
contraction. 

Lucas  showed  (66),  (cf.  also  (26))  that  the  explanation  of  the  pheno- 
menon was  simply  this:  The  relaxation  or  "inhibition"  only  occurs 
when  .the  neuro-muscular  junction  is  in  such  a  condition  (fatigue)  that 
it  conducts  with  a  decrement.  The  frequency  of  stimulation  must  be 
such  that  each  stimulus  after  the  first  excites  the  nerve  during  its  relative 
refractory  phase  following  the  preceding  impulse,  and  therefore  evokes 
a  subnormal  response.  The  first  impulse  of  the  series,  being  full-sized, 
is  able  to  pass  through  the  junctional  tissue  in  spite  of  the  decrement, 
and  therefore  evokes  the  initial  twitch  observed  in  the  muscle,  but  the 
subnormal  impulses  following  the  first  are  all  extinguished.  Clearly, 
if  the  frequency  of  the  impulses  is  reduced  till  the  nerve  is  allowed  to 
recover  fully  from  its  refractory  phase  each  time,  these  impulses  will 
no  longer  be  subnormal:  they  will  all  be  able  to  pass  through  the  fa- 
tigued junction,  and  tetanic  contraction  of  the  muscle  will  result.  This 
explains  why  there  is  a  critical  frequency  of  stimulation  above  which  the 
Wedensky  "inhibition"  occurs,  and  below  which  it  is  replaced  by  con- 
traction. 

Wedensky  suggested  that  this  effect  which  he  described  might  em- 
body the  principle  involved  in  reflex  inhibition.     Lucas  pointed  out 
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(11,  p.  93)  that  we  have  good  reasons  for  supposing  regions  of  decre- 
ment to  exist  normally  in  the  junctional  areas  of  the  central  nervous 
system,  and  that  the  only  other  condition  necessary  to  establish  central 
inhibition  on  the  same  basis  as  in  the  fatigued  nerve-muscle  preparation, 
is  that  the  fibers  leading  to  the  region  of  decrement  should  transmit 
impulses  with  such  frequency  that  each  is  subnormal,  and  therefore 
unable  to  pass.  "A  neurone  so  occupied  would  certainly  be  a  complete 
block  in  the  path  of  any  impulses  which  might  attempt  to  traverse  it" 
(66,  p.  88). 

Many  complications  arise  when  we  try  to  make  this  conception  of 
reflex  inhibition  fit  all  the  facts  which  have  come  to  light  in  the  study 
of  the  spinal  reflexes  (55).  We  shall  consider  these  complications  pres- 
ently, but  for  the  moment  we  may  conclude  the  question  of  inhibition 
with  the  observation  that  the  nerve-muscle  preparation  has  functional 
properties  which  apparently  provide  a  conceivable  basis  for  explaining 
reflex  inhibition,  and  that  this  phenomenon  therefore  does  not  neces- 
sarily imply  any  wholly  new  propensity  not  existing  in  the  peripheral 
excitable  tissues. 

Under  the  same  general  heading  as  reinforcement  and  inhibition, 
Sherrington  (2,  p.  14)  mentioned  refractory  phase  and  "shock"  as  oc- 
curring in  reflex  arcs  in  degrees  unknown  for  nerve  trunks.  His  argu- 
ment for  refractory  phase  in  the  reflex  arc  was  based  chiefly  on  the 
scratch  reflex,  a  characteristically  rhythmic  series  of  contractions  with 
a  frequency  of  four  or  five  a  second  in  the  cat,  evoked  by  stimulation  of 
of  the  skin  (2,  p.  45).  He  showed  that  an  addition  to  the  initial  stinui- 
lus  which  started  the  reflex  failed  to  interrupt  the  established  rhythm, 
no  matter  when  it  was  applied.  That  is,  when  the  flexor  muscle  was  in 
its  relaxation  phase  no  skin  stimulus  could  make  it  contract  until  the 
contraction  time  arrived  according  to  the  established  rhythm.  More 
recently  Sherrington  and  Sowton  (67)  have  examined  the  refractory 
phase  of  the  flexion  reflex  and  found  that  it  amounts  apparently  to 
only  0.7  o.  Their  method  was  to  send  two  stimuli  into  the  aff'erent 
nerve  at  various  time  intervals  and  find  the  least  interval  at  which  the 
second  stimulus  was  able  to  augment  the  contraction  resulting  from  the 
fimt.  Clearly  a  second  stimulus  falling  in  the  refractory  phase  of  the 
afferent  nerve  would  fail  to  H(;t  up  any  second  impulse,  and  would  fail 
to  augment  the  reflex  response.  It  is  therefore  impossible  by  this 
method  to  measure  a  reflex  refractory  phases  l)rief(>r  than  that  of  the 
afferent  fibers.  In  some  recent  experiments  I  have  measured  the  least 
interval  between  two  stimuli  at  which  the  second  would  (>voke  a  separate 
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response  in  a  mammalian  nerve  slightly  below  normal  body  temperature, 
using  the  action  current  as  evidence,  and  found  it  to  be  approximately 
0,7  (T.  For  this  reason  it  is  probable  that  in  the  experiments  of  Sherring- 
ton and  Sowton  the  limit  to  the  interval  was  set  by  the  refractory  phase 
of  the  afferent  nerve,  and  that  the  refractory  phase  of  the  reflex  arc 
was  certainly  no  longer  than  that  of  the  nerve,  and  possibly  shorter. 
I  have  mentioned  in  connection  with  reflex  threshold  that  reasons  exist 
for  supposing  some  part  of  the  reflex  arc  to  have  a  briefer  refractory 
phase  than  the  peripheral  nerve  fiber.  The  observations  of  Sherrington 
and  Sowton  are  altogether  in  accord  with  this  view. 

The  long  refractory  phase  for  which  Sherrington  argues  in  the  case 
of  the  scratch  reflex,  introduces  a  somewhat  different  problem.  In  the 
first  place  it  involves  a  wholly  different  conducting  path  from  the  fiexion 
reflex,  probably  far  more  complex,  and  including  more  internuncial 
neurones.  But  more  important  is  the  fact  that  the  scratch  reflex  con- 
sists of  alternate  flexion  and  extension,  and  therefore  introduces  the 
important  factor  of  inhibition  playing  its  part  in  the  reciprocal  relation 
between  the  opposed  muscle  groups.  The  failure  of  the  flexor  muscle 
to  respond  to  additional  skin  stimuli  during  its  relaxation  phase  prob- 
ably depends  on  the  reflex  inhibition  of  its  motor  neurones  at  the 
moment  rather  than  on  a  true  refractory  phase  of  any  part  of  the  con- 
ducting path. 

The  question  of  spinal  shock  is  one  upon  which  there  is  great  disagree- 
ment among  different  authors.  Originally  Sherrington  stated  (2,  p. 
241)  that  spinal  transection  was  followed  by  depression  of  all  reflexes 
in  the  regions  posterior  to  the  transection,  including  flexor  and  extensor 
reflexes,  but  that  the  flexion  reflex  suffered  much  less  and  recovered 
more  quickly  than  the  extensor  reflexes  (2,  p.  248).  More  recently 
Sherrington  and  Sowton  have  reported  (67)  that  the  flexion  reflex  in 
response  to  single  shocks  is  actually  increased  by  spinal  transection,  its 
threshold  being  lower  and  the  contraction  with  a  given  stimulus  being 
greater.  In  some  experiments  soon  to  be  published,  we  have  found  the 
increase  in  the  flexion  reflex  produced  by  single  shocks  to  occur  immedi- 
ately after  spinal  transection.  Sherrington  originally  mentioned  the 
after-discharge  as  a  feature  of  the  flexion  reflex  which  was  especially 
impaired  after  spinal  transection  (2,  p.  245).  I  have  seen  the  flexion 
reflex  in  a  decerebrate  cat  changed  by  low  spinal  transection  from  a 
small  contraction  with  notable  after-discharge  to  a  brisk  contraction 
with  apparently  no  more  after-discharge  than  appears  in  the  twitch  of 
an  isolated  muscle.     Before  transection,  repeated  stimuli  caused  cumu- 
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lative  contraction  in  a  way  that  the}'  failed  to  do  after  transection. 
It  is  quite  possible,  therefore,  that  the  earlier  statement  about  the 
flexion  reflex  taking  part  in  the  general  depression  known  as  spinal 
shock  was  due  to  the  fact  that  it  was  then  customary  to  use  repeated 
stimuli  to  evoke  all  reflexes,  and  that  therefore  the  cumulative  effect 
resulting  from  after-discharge  before  transection  led  to  a  larger  total 
contraction  with  this  kind  of  stimulation  than  was  found  when  the 
cumulative  effect  was  abolished  by  transection.  There  is  no  doubt  that 
in  this  reflex  in  the  mammal  the  response  to  single  stimuli  is  increased 
by  spinal  transection.  The  so-called  shock  effect  is  in  this  case  not  a 
depression  but  a  modification  of  the  reflex  response.  It  should  be  noted 
that  in  the  case  of  the  frog  the  familiar  classroom  experiment  for  dem- 
onstrating spinal  shock  consists  in  repeated  stimuli  applied  to  the 
skin,  which  is  a  very  different  matter  from  single  shocks  applied  to  a 
large  nerve  trunk. 

In  the  case  of  extensor  reflexes  there  is  no  doubt  that  they  are  de- 
pressed by  spinal  transection.  Sherrington  has  shown  (2,  p.  243)  that 
this  cannot  be  explained  as  a  lasting  inhibition  due  to  irritation  by 
trauma.  He  argues  that  it  is  due  to  the  interruption  of  certain  paths. 
Pike  (68)  has  urged  the  view  that  normally  the  reflexes  subject  to  shock 
involve  conduction  to  the  brain  and  back,  and  that  the  depression  of 
the  reflex  is  due  to  the  interruption  of  this  path;  and  further,  that  the 
recovery  from  shock  depends  on  the  gradual  resumption  of  function  by 
primitive  spinal  paths  which  in  the  course  of  phylogenetic  development 
have  been  superseded  by  those  involving  the  brain. 

This  is  a  diflficult  matter  to  settle.  But  we  may  note  that  the  muscles 
whose  reflexes  are  depressed  in  "shock"  are  those  involved  in  decere- 
brate rigidity,  a  condition  which  Sherrington  has  shown  to  depend  on 
impulses  coming  from  the  hind-brain.  We  may  suppose  that  there  is 
normally  within  the  cord  a  connection  h(>tworn  the  afferent  fibers  from 
one  hind  limb  and  the  extensor  motor  neurones  of  the  opposite  hind 
limb.  The  ease  with  which  the  crossed  extension  reflex  can  be  evoked 
in  the  decer<'bnite  animal  as  compared  with  the  condition  after  spinal 
transection  may  depend  simply  on  the  same  principle  of  convergence 
of  paths  which  we  found  necessary  to  invoke  to  explain  the  variations 
of  reflex  threshold.  On  this  view  the  recovery  of  this  reflex  from  tlie 
deproHsion  of  spinal  "shock"  would  depend  on  some  sort  of  "canaliza- 
tion" whereby  the  local  connections  l)etween  afferent  and  motor  neu- 
rones in  the  cord  iM'come  better  able  to  coiuhict,  and  thus  less  in  need 
of  roinforcement  through  the  converging  path  of  descending  neurones 
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from  the  hind-brain.  In  short,  we  might  modify  Pike's  view  to  the 
extent  of  assuming  in  the  intact  nervous  system  a  functioning  connec- 
tion between  the  local  afferent  and  motor  neurones,  but  one  with  a 
decrement  so  great  that  the  summation  effect  of  impulses  from  the 
brain  is  required  to  overcome  it,  and  further  assuming  in  the  gradual 
change  known  as  recovery  from  shock,  a  decrease  in  the  degree  of  dec- 
rement, enabling  the  same  spinal  connection  to  conduct  even  without 
this  reinforcement. 

Dependence  on  blood  supply  and  susceptibility  to  anesthetics.  Reflex 
centers  are  strikingly  dependent  on  blood  supply  as  compared  with 
peripheral  nerves,  or  even  muscles.  Interruption  of  the  blood  supply 
to  any  part  of  the  central  nervous  system  in  the  mammal  results  in  rapid 
loss  of  function.  Inadequate  respiration  may  cause  profound  derange- 
ment in  the  spinal  centers.  I  have  seen  in  a  "pithed"  cat  (entire  brain 
destroyed)  to  which  the  air  supplied  by  artificial  respiration  was  in- 
adequate, abolition  of  the  crossed  extension  reflex  following  (and  prob- 
ably because  of)  an  asphyxial  convulsion  (46,  p.  175).  In  contrast 
with  this  it  is  well  known  that  a  mammalian  peripheral  nerve  trunk, 
dissected  away  from  its  scanty  blood  supply,  will  continue  to  respond 
to  stimulation  for  a  considerable  time.  In  some  experiments  on  the 
conditions  of  survival  of  mammalian  nerve  trunks,  soon  to  be  published, 
I  have  found  an  approximately  normal  electric  response  in  an  excised 
cat's  nerve  kept  in  cool  Ringer's  solution,  three  days  after  removal  from 
the  animal.  On  the  other  hand,  a  nerve  will  not  survive  indefinitely 
without  its  blood  supply,  and  it  soon  ceases  to  function  when  placed 
in  an  oxygen-free  atmosphere. 

A  concentration  of  ether  in  the  blood  sufficient  to  abolish  all  ordinary 
spinal  reflexes  does  not  prevent  the  stimulation  of  muscles  through 
their  motor  nerves.  It  has  been  shown  (69)  that  even  if  ether  inhala- 
tion is  pushed  to  the  point  of  abolishing  respiration  and  thus  causing 
death,  the  peripheral  nerves  will  still  conduct  impulses.  On  the  other 
hand,  ether  vapor  applied  directly  to  a  nerve  trunk  will  soon  abolish 
its  ability  to  conduct  impulses,  the  fibers  being  subjected  to  far  greater 
concentration  of  ether  than  they  are  when  it  is  brought  from  the  lungs 
by  the  blood  stream. 

Thus  it  appears  that  both  in  dependence  on  blood  supply  and  oxygen 
and  in  susceptibility  to  anesthetics,  the  difference  between  the  reflex 
arc  and  the  nerve  trunk  is  only  one  of  degree.  As  in  the  case  of  fatigue 
we  may  possibly  find  the  key  to  the  difference  in  the  consideration 
Stiles  has  brought  out,  the  extreme  attenuation  of  the  fibers  in  synaptic 
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region  and  the  consequent  relatively  large  extent  of  surface  presented 
to  the  surrounding  fluids.  Both  Lilhe  (70)  and  Troland  (17,  p.  341) 
have  mentioned  evidence  pointing  to  the  view  that  narcotics  such  as 
ether  act  by  changing  the  permeability  of  the  membrane  surrounding  the 
fiber.  This  view  harmonizes  well  with  the  suggestion  that  the  extent 
of  surface  in  proportion  to  volume  is  what  determines  the  susceptibility 
of  the  synaptic  region  to  narcotics.  At  all  events  these  differences  do 
not  reveal  in  the  center  any  functional  propensity  differing  essentially 
from  those  already  examined  in  the  neuro-muscular  mechanism. 

Gradation  of  reflex  effect  in  relation  to  the  strength  of  stinndus.  Besides 
the  differences  between  nerve  trunk  and  reflex  conduction  already 
enumerated,  Sherrington,  in  the  Integrative  Action  of  the  Nervous  System, 
mentioned  the  gradation  of  reflex  response  when  the  strength  of  stimu- 
lus is  varied.  Since  that  book  was  written  before  the  all-or-nothing 
principle  had  been  established,  and  since  Sherrington's  recent  experi- 
ments (13),  (14),  (15)  on  this  subject  overshadow  in  importance  the 
evidence  discussed  in  the  book,  I  shall  pass  over  the  earlier  discussion 
and  consider  the  more  recent  contributions  to  the  subject.  Clearly  the 
all-or-nothing  principle  must  profoundly  influence  the  consideration  of 
the  subject,  and  any  discussion  of  the  matter  based  on  the  older  view  of 
graded  nerve  impulses  has  little  more  than  historical  interest. 

Several  researches  (15),  (81)  have  dealt  with  this  question  in  the  light 
of  the  all-or-nothing  principle.  The  results  of  these  researches  have 
been  analyzed  and  summarized  in  a  recent  paper  (30),  (cf.  also  (50)), 
in  which  the  following  general  conclusions  were  reached:  It  is  a  striking 
fact  that  as  the  strength  of  afferent  stimulation  (even  in  the  case  of 
single  shocks)  is  progressively  increased,  the  magnitude  of  reflex  response 
increases  in  a  way  that  superficially  appears  to  be  incompatible  with  the 
all-or-nothing  principle.  Even  after  the  stimuli  have  become  so  strong 
that  the  resulting  action  current  in  the  afferent  nerve  has  reached  a 
limiting  maximal  value,  indicating  that  all  the  fibers  in  the  nerve  have 
been  excited,  the  continued  increase  in  the  strength  of  stinuilus  may 
result  in  further  incrca.se  in  the  reflex  response.  The  problem  arises 
how  increasing  the  stimulus  after  all  the  afferent  fibers  have  l)een  ex- 
cited can  further  incrojisc  the  reflex  response.  If  the  size  of  mechanical 
contraction  of  the  flexion  reflex  and  the  size  of  action  current  in  the 
afTcrent  nerve  arc  lK)th  plotted  jiguinst  the  strength  of  afferent  stimulus, 
ilia  found  that  when  tin*  strength  is  reached  at  which  the  action  current 
OMfes  to  increase,  the  rellex  reMjMjnse  practically  (•ciscs  to  increase  over 
ftwiderangcof  stimulation  MtrengtliH;  in  nhort,  the  two  rurvcs  arc  nearly 
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parallel.  Any  further  increase  in  reflex  response  is  usually  found  to  be 
correlated  with  a  compounding  or  doubling  of  response  in  the  afferent 
nerve  and  electrical  evidence  of  tetanic  response  in  the  muscle  (30). 
The  explanation  seems  to  be  that  when  the  exciting  current  (even  a 
single  break  shock)  is  strong  enough  it  causes  a  local  excitatory  process 
of  such  intensity  that  it  outlasts  the  refractory  phase  and  is  able  to  set 
up  a  second  impulse  in  each  fiber  (56,  p.  205).  The  conclusion  is  that 
the  only  possibility  of  gradation  in  the  reflex  response  arises  either  in  the 
number  of  afferent  fibers  excited  or  in  the  number  of  impulses  set  up  in 
each  afferent  fiber,  this  latter  factor  entering  even  in  the  response  to  a 
single  shock  if  this  is  strong  enough. 

In  Sherrington's  experiments  on  the  flexion  reflex  (15)  and  in  one 
of  ours  (30)  there  was  evidence  that  even  when  the  stimulus  is  not 
strong  enough  to  set  up  more  than  a  single  volley  of  impulses  in  the  affer- 
ent nerve,  it  may  in  some  cases  evoke  in  the  center  a  disturbance  which 
results  in  a  repetitive  discharge  in  the  motor  neurones.  Sherrington 
(15,  p.  256)  considered  this  suggestive  of  a  different  class  of  disturbance 
in  the  center  from  the  peripheral  nerve  impulse,  a  disturbance  not  sub- 
ject to  the  intermittent  condition  imposed  by  a  refractory  phase,  but 
capable  of  being  uniformly  sustained.  The  considerations  already 
mentioned  in  connection  with  after-discharge  justify  us  in  recognizing 
that  this  view  is  not  the  necessary  consequence  of  the  evidence.  The 
apparent  capacity  for  sustained  activity  may  be  due  to  the  complexity 
of  the  conducting  path.  At  each  point  in  the  system  the  disturbance 
may  be  intermittent,  refractory  phase  following  activity,  and  yet  the 
individual  disturbances  in  the  various  branches  may  so  overlap  in  time 
as  to  render  the  sum  total  of  activity  continuous. 

In  spite  of  the  striking  extent  of  gradation  in  the  reflex  response,  there 
is  nothing  in  all  the  evidence  which  is  incompatible  with  the  all-or- 
nothing  law  as  regards  the  peripheral  nerve  impulse,  nor  is  there  any- 
thing which  definitely  excludes  the  same  type  of  disturbance  as  the 
basis  of  central  activity. 

The  extension  of  the  ideas  resulting  from  the  analysis  of  reflex  grada- 
tion to  the  problem  of  sensation  has  been  considered  in  a  previous 
paper  (56,  p.  229).  It  was  shown  that  neither  in  the  auditory  nor  the 
optic  nerve  were  there  enough  fibers  to  account  for  the  known  extent 
of  pitch  discrimination  in  hearing  and  visual  acuity  in  sight,  and  the 
known  gradations  of  intensity  of  sensation  in  both,  on  the  assumption 
that  gradation  depends  on  the  number  of  fibers  excited.  If  the  all-or- 
nothing  law  holds  good  in  these  nerve  fibers  we  are  forced  to  seek  another 
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basis  for  sensory  gradation.  A  possible  basis  was  suggested  by  the 
evidence  of  compound  or  double  stimulation  in  the  peripheral  nerves  of 
the  leg.  An  unlimited  range  of  sensorj-  gradation  might  be  based  on 
the  frequency  with  which  the  impulses  follow  each  other  in  the  sensory 
fibers.  Such  a  gradation  of  frequency  is  what  would  naturally  result  if 
the  sensory  receptor  set  up  and  maintained  in  the  nerve  endings  a 
greater  or  less  local  excitatory  process  according  to  the  intensity  of 
stimulation,  for  a  sustained  local  excitatory  process,  if  intense,  would 
cause  the  nerve  fiber  to  respond  early  in  the  relative  refractory  period 
after  each  previous  response,  but  if  weak,  it  would  allow  the  nerve 
fiber  to  recover  each  time  till  its  threshold  had  nearly  reached  the  nor- 
mal level.  Thus  strong  stimulation  would  set  up  impulses  of  high 
frequency,  weak  stimulation  impulses  of  low  frequency,  and  between 
the  beginning  and  the  end  of  the  relative  refractory  phase  would  be 
found  the  range  of  intervals  forming  the  basis  for  sensory  discrimination 
of  the  intensity  of  peripheral  stimulation  (cf.  26,  p.  386). 

Revision  of  the  doctrine  of  graded  synaptic  resistance.  One  of  the  most 
direct  applications  of  the  principles  outlined  above  to  reflex  phenomena 
lies  in  the  modification  of  the  concept  of  graded  synaptic  resistance 
(2,  p.  155).  The  old  idea  was  that  some  synapses  presented  more  re- 
sistance to  the  passage  of  a  nerve  impulse  than  others  and,  therefore, 
required  stronger  peripheral  stimulation  to  enable  the  impulses  to  pass 
through.  It  was  further  assumed  that  if  a  nerve  impulse  had  to  tra- 
verse two  synapses,  the  resistances  of  these  would  be  cumulative.  The 
first  of  these  assumptions  is  obviously  in  need  of  radical  revision,  since 
it  has  been  definitely  shown  that  a  strong  stimulus  produces  no  larger 
impulses  in  the  individual  conducting  paths  of  the  peripheral  nerve 
trunk  than  a  weak  stimulus.  The  second  assumption,  that  synaptic 
resistances  are  cumulative,  is  also  untenable  unless  we  make  the  im- 
probable assumption  that  the  axones  of  the  internuncial  neurones  within 
the  nervous  system  normally  conduct  with  a  decrement  through  tlunr 
entire  course,  and  therefore  differ  profoundly  from  the  morphologically 
•imilar  axones  in  poriphenil  nerves.  These  points  need  to  l)e  enipha- 
•used,  for  they  are  still  to  a  considerabU;  extent  ignored  in  the  recent 
literature.  The  recovery  of  the  nerve  impulse  on  emergence  from  a 
i  I  of  docreniorit  into  u  nonnal  region  in  the  conducting  path  was 
.  Hhown  by  ,\<lrian  ten  years  ago  (U).  The  bearing  of  this  fact 
on  the  doctrine  of  graded  synaptic  resistance  was  explicitly  stated  in 
1915  (50,  p.  227),  Hiui  yet  in  nuich  more  recent  literature  (71,  p.  498) 
the  doctrine  is  Htill  aHHunied  in  its  original  form  as  stated  above.    As 


SPINAL   REFLEXES  389 

Martin  recently  pointed  out  with  admirable  clearness  (16,  p.  408),  the 
implication  of  cumulative  synaptic  resistance  is  out  of  harmony  with 
the  all-or-nothing  principle,  and  in  particular  with  the  demonstrated 
fact  of  recovery  of  the  nerve  impulse  on  emergence  from  a  region  of 
decrement.  For  if  a  synapse  acts  as  a  region  of  decrement,  it  will 
either  extinguish  the  nerve  impulse  or  fail  to  do  so.  If  the  impulse  is 
not  extinguished,  but  passes  into  a  region  of  normal  nerve  fiber  beyond, 
it  will  regain  its  full  magnitude  and  be  as  able  to  pass  the  next  synapse 
as  if  it  had  never  encountered  the  first  one.  It  is,  of  course,  conceivable 
though  unlikely  that  all  internuncial  neurones  within  the  central  ner- 
vous system  do  conduct  with  a  decrement.  If  this  were  so  the  resis- 
tances encountered  in  a  chain  of  such  neurones  would  be  cumulative, 
but  this  essential  condition  for  adherence  to  the  unmodified  doc- 
trine of  synaptic  resistance  is  not  mentioned  in  those  papers  in  which 
the  doctrine  is  assumed. 

Relations  between  spinal  reflexes:  Experimental  facts.  The 
above  survey  covers  the  more  general  facts  concerning  reflex  conduction, 
but  there  are  several  problems  in  the  relations  between  the  reflex  centers 
controlling  antagonistic  muscles  which  call  for  more  detailed  considera- 
tion. I  will  first  describe  briefly  the  experimental  facts,  and  then  en- 
deavor to  examine  them  with  respect  to  their  compatibility  with  the 
principles  suggested  by  Lucas  as  a  possible  basis  of  reflex  phenomena. 

Sherrington,  in  his  early  work  (2,  p.  117)  on  the  reflex  inhibition  of 
extensor  muscles  by  stimulation  of  afferent  nerves  in  the  same  limb, 
was  led  to  the  conclusion  that  such  inhibition  was  absolute,  and  could 
not  in  any  way  be  overcome  by  stimulation  tending  to  produce  excita- 
tory effects  in  the  extensor  motor  neurones.  Later  (59)  he  made  the 
observation  that  if  the  strength  of  the  stimuli  applied  to  the  afferent 
nerve  in  the  opposite  leg  were  chosen  with  sufficient  care  a  partial  in- 
hibition could  be  demonstrated ;  that  is,  combined  stimulation  produced 
a  degree  of  muscular  contraction  intermediate  between  the  full  contrac- 
tion induced  by  crossed  stimulation  alone  and  the  total  relaxation  in- 
duced by  stimulation  of  the  ipselateral  nerve  alone.  This  effect  he 
called  algebraic  summation  of  excitation  and  inhibition.  When  such 
balancing  or  algebraic  summation  of  central  effects  is  produced,  the 
partial  contraction  of  the  muscle  is  usually  tremulous  (72). 

The  next  point  to  be  noted  may  be  designated  electrical  reversal. 
The  usual  effect  on  the  extensor  center  of  stimulating  an  afferent  nerve 
of  the  same  leg  is  inhibition.  Sherrington  and  Sowton  (73)  found  that 
this  was  regularly  produced  by  strong  faradization,  but  that  weak 
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faradization  or,  better  still,  stimulation  with  &n  alternating  current  of 
20  cycles  a  second  from  a  rheonome,  produced,  instead  of  inhibition, 
excitation  as  shown  by  contraction  in  the  extensor  muscles.  Tiede- 
mann  (74)  found  in  the  frog  under  strychnine  a  sunilar  change  of  cen- 
tral effect  from  excitation  to  inhibition  on  increasing  the  frequency  of 
afferent  stimulation. 

Another  significant  fact  is  the  "post-inhibitory  rebound."  Frequently 
in  the  decerebrate  preparation  exhibiting  a  moderate  degree  of  tonic 
contraction  (rigidity)  in  the  extensor  muscles  their  reflex  inhibition  for 
a  few  seconds  is  followed,  on  cessation  of  the  stimulus,  by  a  "rebound" 
contraction  greater  than  the  tonic  contraction  existing  before  the 
inhibition  (75). 

Another  point  is  narcosis  reversal.  Sherrington  and  Sowton  showed 
that  under  certain  conditions  a  stimulus  which  normally  produced 
reflex  excitation  might  be  made  to  produce  reflex  inhibition  of  the  same 
muscle  under  the  influence  of  moderate  chloroform  anesthesia.  Similar 
to  this  is  the  fact  recently  observed  (55)  that  under  light  ether  anesthesia 
the  crossed  extension  reflex  in  the  decerebrate  animal  became  so  modi- 
fied that  during  the  application  of  the  stimuli  the  extensor  contraction 
was  only  partial,  but  when  the  stimuli  ceased  a  marked  increase  in  con- 
traction at  once  occurred,  resembling  the  rebound  described  above. 

Another  fact  of  great  interest  is  the  postural  reversal  which  has  been 
discussed  by  Sherrington  (62,  p.  299)  and  Magnus  (76).  In  general  this 
means  the  determination  of  the  type  of  response  to  a  given  stimulus 
by  the  limb  posture  existing  when  the  stimulus  is  applied.  Slierrington 
has  found  that  certain  stimuli  will  cause  flexion  if  the  limb  is  already 
passively  extended,  and  extension  if  it  is  flexed.  Magnus  has  found 
that  the  cat's  tail  when  stimulated  at  the  tip  is  reflcxly  drawn  toward 
the  median  plane  from  whichever  side  it  happens  to  be  hanging;  thus 
change  of  initial  posture  shifts  the  contraction  to  the  opposite  one  of  a 
pair  of  antagonistic  muscles. 

The  next  fact  to  note  in  this  connection  is  the  reciprocal  innervation 
of  antagonistic  muscles.  Any  afferent  stimulus  which  causes  reflex 
excitation  of  flexors  sinuiitaneously  causes  reflex  inhibition  of  extensors. 
Any  afferent  stimulus  which  causes  reflex  excitation  of  extensors  causes 
reflex  inhibition  of  fltrxors  provided  tliere  be  any  preexisting  contraction 
of  the  flexor  museleH  to  inhibit. 

Finally,  there  is  the  intrinsic  tendency  of  the  spinal  centers  to  exhibit 
rhythmic  alternalian  lN>tween  fl(>xion  and  extension,  under  some  rircuni- 
stanccff,  even  in  alMencc  of  afferent  stinuilalion.     For  instance,  Sh(>rring- 
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ton  (77)  showed  that  the  scratch  reflex  proceeds  with  unaltered  rhythm 
in  response  to  steadi^  cutaneous  stimulation  of  a  remote  portion  of  the 
body  when  all  afferent  fibers  from  the  muscles  themselves  have  been 
cut,  showing  that  the  alternations  are  not  conditioned  by  proprioceptive 
impulses  from  the  muscles  taking  part  in  the  act.  Graham  Brown  (78) 
showed  that  similar  but  slower  rhythmic  alternation  (progression 
rhythm)  occurred  under  a  depth  of  narcosis  such  that  transection  of 
the  spinal  cord  in  the  lumbar  region  produced  no  disturbance  in  this 
response,  and  therefore  in  absence  of  afferent  stimulation  of  any  sort. 

With  this  summary  of  facts  in  mind  let  us  see  to  what  extent  they 
may  be  interpreted  as  manifestations  of  functional  responses  of  the 
same  sort  as  the  peripheral  nerve  impulse,  operating  under  the  complex 
conditions  of  the  central  structures. 

Balancing  of  antagonistic  effects.  In  dealing  with  inhibition,  we  may 
consider  the  Wedensky  effect  as  the  most  promising  prototype,  and 
indeed,  so  far  as  I  am  aware,  the  only  example  of  a  similar  phenomenon 
occurring  in  peripheral  tissues  under  conditions  which  have  been  clarified 
by  a  thorough  analysis,  and  explained  in  terms  of  the  fate  of  individual 
nerve  impulses.  The  Wedensky  effect  has  been  described  and  ex- 
plained in  an  earlier  section.  The  point  to  bear  in  mind  now  is  that  in 
Lucas'  proposed  application  of  the  principle  to  reflex  inhibition,  it  is 
assumed  that  there  is  an  internuncial  neurone  through  which  the  im- 
pulses must  pass  to  reach  the  motor  neurone,  and  that  because  of  the 
decrement  at  the  synapse  between  the  two,  there  is  a  critical  frequency 
of  impulses  in  the  internuncial  neurone  above  which  the  effect  is  in- 
hibitory, and  below  which,  excitatory.  For  convenience  in  the  dis- 
cussion I  have  designated  this  the  "pre-motor"  neurone  (55). 

The  fact  of  "algebraic  summation"  of  central  effects,  described 
above,  has  been  mentioned  (11,  p.  98),  (12,  p.  45)  as  an  objection  to  the 
proposed  explanation.  For  if  reflex  inhibition  is  conditioned  by  a  high 
frequency  of  impulses  in  the  "pre-motor"  neurone,  this  neurone  would  be 
an  absolute  block  in  the  conduction  path  as  long  as  the  frequency  was 
maintained.  If  concurrent  stimulation  of  another  afferent  path  leading 
to  this  neurone  had  any  effect  at  all,  this  should  be  an  increase  in  the 
number  of  impulses  traversing  it,  and  this  could  only  increase  the  cer- 
tainty of  inhibition.  The  conclusion  would  be  that  inhibition  is  ab- 
solute; the  excitatory  effect  should  fail  to  appear  in  any  way.  In  Lucas' 
monograph  the  mention  of  this  difficulty  is  followed  (11,  p.  99)  by  the 
suggestion  that  perhaps  failure  of  complete  inhibition  can  only  occur 
when  a  considerable  number  of  afferent  fibers  remains  unexcited  and 
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therefore  a  considerable  proportion  of  the  motor  neurones  remains 
free  from  the  inhibitory  effect. 

I  have  examined  a  number  of  old  records  in  which  the  knee  extensor 
was  tested  with  concurrent  excitatory'  and  inhibitory  stimuli  of  various 
strengths,  and  found  that  the  excitatory  effect  never  broke  through 
inhibition  except  when  the  inhibitory  afferent  stimuli  were  too  weak 
to  excite  all  the  fibers  in  the  nerve  (55,  p.  287).  We  may  thus  dispose 
of  this  objection  as  far  as  the  extensor  center  is  concerned,  and  con- 
clude that  the  reflex  inhibition  which  is  a  part  of  the  flexion  reflex, 
probably  does  act  as  a  complete  block  in  those  neurones  in  which  it 
is  established.  In  the  case  of  the  crossed  inhibition  of  flexors  this 
objection  is  not  so  easily  met,  but  we  shall  presently  see  that  here  too 
there  is  a  possible  way  of  meeting  it. 

Electrical  reversal.  The  electrical  reversal  has  been  cited  (11,  p.  96), 
(12,  p.  44)  as  supporting  the  proposed  explanation  of  inhibition.  Ap- 
parently the  facts  harmonize  well  with  the  hypothesis,  for  in  the 
Wedensky  "inhibition"  which  furnishes  the  model,  an  increase  in  fre- 
quency at  the  appropriate  strength  of  stimulus,  or  an  increase  in  strength 
at  the  appropriate  frequency,  would  serve  to  convert  excitation  into 
inhibition.  Further  support  is  found  in  the  fact  that  Tiedemann  (74), 
and  also  Sherrington  and  Sowton  (73,  fig.  3)  obtained  with  certain 
strengths  and  frequencies  of  faradization  an  initial  twitch  followed  by 
inhibition,  just  as  is  found  in  Wedensky  "inhibition." 

But  further  examination  reveals  a  difficulty.  The  analogy  implies 
that  each  impulse  set  up  in  a  given  afferent  fiber  sets  up  in  turn  a  single 
impulse  in  the  "pre-motor"  neurone,  so  that  the  frequency  of  the  af- 
ferent impulses  is  carried  through  unaltered  to  this  neurone,  and  there 
determines  whether  excitation  or  inhibition  shall  result. 

The  analogy  between  Wedensky  "inhibition"  and  electrical  reversal 
of  reflex  effect  cannot  be  applied  so  simply  as  this,  for  Sherrington  (63) 
has  shown  that  a  single  break  shock  appHed  to  an  afferent  nerve,  in 
evoking  the  flexion  reflex,  suffices  to  inhibit  the  extensors.  This 
might  conceivably  Ije  due  to  the  use  of  a  shock  strong  enough  to  cause 
double  stimulation  of  the  nerve,  and  tlierefore  a  rhythmic  series  of 
impulses  instead  of  a  single  volley.  On  the  other  hand,  I  have  evoked 
reflex  inhibition  with  Mingle  shocks  which  showed  no  signs  of  setting  up 
more  than  singlt!  impulm^s  in  tht?  afferent  nerves  wlien  tested  with  a 
string  galvanometer  (65,  p.  292).  If  a  ninglc  stimdhis  can  cause  inliibi- 
tion,  the  electrical  reversal  cannot  be  explained  by  the  simple  extension 
of  the  stimulation  fre<iuency  into  ihv  {)re-m()tx)r  neurone.     This  does 
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not  mean  that  the  proposed  explanation  of  inhibition  must  be  abandoned, 
but  that  the  requisite  frequency  cannot  depend  directly  on  that  of 
peripheral  stimulation;  it  must  be  set  up  in  some  other  way. 

In  earlier  sections  of  the  paper  we  have  repeatedly  found  reasons  for 
looking  to  the  histologically  known  branching  of  afferent  fibers  as  a 
key  to  many  phsyiological  peculiarities  of  reflex  function.  We  may 
find  in  the  resulting  convergence  of  afferent  paths  at  common  synaptic 
points  a  possible  mechanism  for  the  establishment  of  the  necessary 
impulse  frequency  in  the  "pre-motor"  neurone.  This  view  would  prob- 
ably imply  a  much  briefer  refractory  period  in  that  portion  of  the 
conducting  path  where  convergence  occurred  than  in  a  peripheral  nerve 
fiber.  But  other  reasons  exist  for  supposing  this  to  be  the  case,  as  has 
already  been  mentioned  in  connection  with  reflex  threshold,  and  will 
be  discussed  more  in  detail  presently.  Stimuli  too  weak  to  excite  all 
the  afferent  fibers  in  the  nerve,  especially  currents  of  gradual  onset  from 
a  rheonome,  would  be  more  likely  than  maximal  induction  shocks  to 
deliver  impulses  at  a  given  synapse  with  a  slow  enough  frequency  to  pro- 
duce the  excitatory  effect. 

Sherrington  and  Sowton  (73)  were  unable  to  produce  the  ipselateral 
extensor  contraction  (electrical  reversal)  unless  there  was  an  appreciable 
degree  of  preexisting  extensor  tonus,  a  condition  known  to  depend  on 
impulses  from  the  hind-brain.  This  fact  seems  to  be  another  instance 
of  the  need  of  reinforcement  for  the  overcoming  of  certain  synaptic 
resistances,  similar  to  that  suggested  to  account  for  the  variability  of 
reflex  thresholds.  The  arrangement  of  branches  and  synapses  pro- 
viding for  reinforcement  by  convergence  on  the  one  hand,  and  inhibi- 
tion by  convergence  on  the  other,  presents  a  confusing  problem.  But 
such  an  organization  may  be  pictured,  if  the  branches  and  dendrites  are 
properly  arranged  and  if  sufl^icient  latitude  of  variation  in  refractory 
periods  and  decrements  is  allowed  (fig,  3), 

Sherrington  and  Sowton  suggested  that  the  basis  of  the  electrical  re- 
versal might  lie  in  two  different  kinds  of  afferent  fibers  mixed  in  the  stimu- 
lated nerve  (73,  p,  445),  This  would  imply  a  difference  in  chronaxie 
between  the  two  kinds  to  account  for  their  respective  excitabilities  by 
differently  timed  electrical  stimuli.  That  the  reversal  occurs  in  the 
case  of  stimuli  applied  to  the  internal  saphenous  nerve  which  contains 
no  proprioceptive  fibers  (30),  and  that  Adrian  (79)  found  no  evidence  of 
two  types  of  cutaneous  sensory  fibers  with  different  chronaxies,  are 
facts  which  are  hard  to  reconcile  with  this  suggestion;  yet  the  possi- 
bility must  not  be  overlooked. 
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Rebound.  The  increased  activity  of  the  extensors  following  their 
inhibition,  is  a  phenomenon  of  great  interest.  The  fact  that  it  con- 
sists in  a  transient  excess  of  activity  in  the  extensor  motor  neurones 
which  before  their  inhibition  were  exhibiting  "tonic"  activity,  early 
suggested  the  idea  that  the  tonic  stream  of  energy  had  been  pent  up 
by  inhibition,  and  on  its  release  burst  forth  with  renewed  vigor  (2,  p. 
212).  Aside  from  the  unprobability  that  tonus  can  be  dealt  with  in 
this  way,  the  view  is  untenable  (46,  p.  160),  for  Sherrington  (75,  p.  59) 
found  that  the  amount  of  rebound  contraction  following  inhibition 
shows  no  correlation  with  the  amount  of  tonic  activity  inhibited;  for 
instance,  inhibition  prolonged  beyond  a  certain  time  is  followed  by  less 
rebound  than  if  the  inhibition  is  briefer.  Rebound  therefore  cannot 
depend  merely  on  the  accumulation  of  the  suppressed  tonus.  It  has 
also  been  shown  that  it  cannot  depend  solely  on  the  flexed  position  of 
the  limb  (55,  p.  294).  Apparently  rebound  depends  on  some  central 
effect  set  up  by  the  same  afferent  stimulus  which  during  its  application 
causes  inhibition. 

Sherrington  and  Sowton,  after  observing  the  electrical  reversal,  sug- 
gested (80)  that  rebound  might  be  due  to  a  twofold  reflex  influence 
exerted  by  the  stimulus  during  its  application,  the  inhibitory  being  the 
dominant  one,  but  the  excitatory  persisting  the  longer  of  the  two  after 
stimulation  ceased. 

Let  us  construe  this  in  terms  of  our  general  plan  of  interpretation. 
At  the  outset  there  is  indicated  the  same  assumption  made  to  explain 
after-discharge,  viz.,  "delay  paths,"  central  neurones  providing  a  suf- 
ficiently extended  system  of  connected  paths  to  account  for  the  long 
persistence  of  activity  in  the  motor  neurones  after  afferent  impulses 
have  ceased  to  enter  the  cord.  In  addition  we  must  find  a  basis  for 
the  difference  in  central  effect  during  and  after  afferent  stimulation. 
For  the  inhil)ition  during  application  of  the  stinuili  wo  have  already 
assumed  the  necessary  condition,— high  freciueiicy  of  impulses  arriving 
at  the  pre-motor  neurone  from  many  converging  paths.  To  account 
for  the  change  to  central  excitation  when  the  stinuili  cease,  we  have 
merely  to  axsume  that  the  impulses  arriving  via  the  "delay  paths"  alone 
are  !x»low  the  critical  frequency  (cf.  65,  p.  294).  Thus  the  more  direct 
and  densely  converging  paths  producing  inhibition  and  the  more  cir- 
cuitous paths  through  which  impulses  arrive  less  fnuiucntly,  represent 
the  two  antagonistic  influences  exerted  in  the  center. 

Narcoain  reversal.  This  phenomenon  fits  readily  into  the  general 
scheme  of  interpretation  as  is  shown  in  Lucas'  monograph  (11,  p.  96). 
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It  is  known  that  lipoid-solvent  narcotics  cause  a  nerve  to  conduct  with 
a  decrement  and  that  the  central  portion  of  the  nervous  system  is  far 
more  sensitive  to  their  action  than  peripheral  nerves.  Therefore  we 
may  expect  the  decrement  of  any  part  of  the  central  conducting  path 
to  be  greatly  intensified  by  narcotics  such  as  chloroform.  If  this 
happened  at  the  terminal  synapse  a  frequency  of  impulses  in  the  pre- 
motor  neurone  which  normally  was  slow  enough  to  be  excitatory,  would 
become  inhibitory.  Thus  chloroform  would  convert  excitation  into 
inhibition. 

The  partial  suppression  by  ether  of  the  crossed  extension  reflex  during 
application  of  the  stimulus,  might  similarly  be  explained  by  the  raising 
of  the  decremental  block  to  the  critical  point  in  some  of  the  synapses 
(but  not  in  all),  and  by  a  sequence  of  events  similar  to  that  assumed  to 
explain  rebound  (55,  p.  297). 

Sherrington  has  pointed  out  that  under  certain  conditions  synaptic 
fatigue  may  serve  to  convert  an  excitatory  into  an  inhibitory  reflex 
effect  (61,  fig.  8),  and  that  this  may  be  explained  on  the  same  basis  as 
reversal  by  chloroform.  The  indications  mentioned  above  that  fatigue 
induces  decremental  conduction  in  junctional  tissues  are  in  harmony 
with  this  idea. 

Just  as  narcosis  reversal  may  be  explained  on  the  basis  of  increased 
decrement  in  the  final  synapse,  so  the  opposite  reversal  by  strychnine 
(conversion  of  inhibition  into  excitation)  (82,  p.  288),  (83),  might  be 
explained  on  the  basis  of  diminution  of  decrement.  If  the  decrement 
in  these  synapses  largely  disappears,  a  frequency  of  impulses  in  the  pre- 
motor  neurone,  normally  inhibitory,  would  become  excitatory. 

Similar  effects  of  chloroform  and  strychnine  found  by  Bayliss  (84) 
in  the  case  of  vasomotor  reflexes  are  significant  in  this  connection. 

Postural  reversal.  Bearing  in  mind  that  in  general  increased  con- 
vergence of  impulses  at  a  pre-motor  neurone  decreases  the  chance  of 
excitation  of  the  motor  neurones  and  increases  the  chance  of  inhibition, 
let  us  assume  that  shortening  of  the  extensor  muscle,  active  or  passive, 
sets  up  afferent  impulses  of  a  certain  frequency,  and  that  these  set  up 
impulses  in  the  pre-motor  neurones  of  the  extensor  center.  Sherrington 
(85),  (86)  has  found  that  a  contracted  state  passively  imposed  on  an 
extensor  muscle  in  decerebrate  rigidity,  is  reflexly  retained  (shortening 
reaction).  This  would  be  explained  if  the  impulses  set  up  in  the  pre- 
motor  neurones  in  the  manner  just  suggested  were  of  excitatory  fre- 
quency. Those  afferent  stimuli  whose  central  effect  is  subject  to  pos- 
tural reversal  may  in  themselves  deliver  to  the  pre-motor  neurones  in 
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the  extensor  center  impulses  of  a  frequency  also  below  the  critical  value. 
If  when  such  a  stimulus  is  applied  the  limb  is  in  a  flexed  posture  and  no 
impulses  are  coming  to  the  pre-motor  neurones  through  the  afferent 
fibers  from  the  extensor  muscle  itself,  then  the  stimulus  will  cause  an 
excitatory  response,  resulting  in  extension.  But  if  the  limb  is  already 
extended,  so  that  impulses  of  an  excitatory  frequency  are  already  being 
set  up  in  the  pre-motor  neurones  by  the  afferent  impulses  from  the 
muscle,  and  then  if  the  external  stimulus  delivers  to  them  additional 
impulses,  we  shall  have  the  condition  for  inhibition,  because  now  the 
frequency  of  impulses  in  these  neurones  will  be  raised  above  the  critical 
value  (55,  p.  302). 

Porter's  observation  (87),  (88)  that  when  one  phrenic  nerve  has  been 
rendered  inactive  by  hemisection  of  the  spinal  cord,  respiratory  impulses 
can  apparently  be  diverted  across  the  median  plane  by  severing  or  freez- 
ing the  opposite  phrenic  nerve,  and  thus  caused  to  descend  the  pre- 
viously inactive  nerve,  is  at  first  sight  difficult  to  interpret  in  terms  of 
our  present  knowledge  of  nerve  function.  It  suggests  the  diversion  of 
a  stream  by  damming  up  its  outlet,  a  concept  altogether  at  variance 
with  the  properties  of  the  nerve  impulse.  This  phenomenon  may  be 
simply  another  case  of  the  postural  modification  of  central  effects.  The 
diaphragm  and  the  abdominal  muscles  operate  reciprocally  as  antago- 
nists. The  stoppage  of  contraction  in  one  half  the  diaphragm  might 
cause  a  change  in  the  proprioceptive  impulses  coming  from  the  abdominal 
muscles,  even  if  no  fibers  were  left  which  could  bring  them  from  the 
diaphragm  itself,  and  thus  account  for  the  phenomenon  on  the  same 
principles  as  the  postural  reversal  of  the  leg  muscles. 

Reciprocal  innervation  and  intrinsic  alternation  of  flexion  and  extension. 
These  two  topics  had  best  be  consitlered  together.  Strong  afferent 
stimulation  in  the  hind  Hnib  always  results  in  ipselateral  excitation  of 
flexors  and  inhibition  of  extensors.  This  is  the  flexion  reflex  and  is 
dominant  over  all  other  limb  reflexes.  Stimulation  of  an  afferent  nerve 
in  the  opposiU?  leg,  if  unopposed,  evokes  excitation  of  extensors;  and  if 
there  l)C  any  flexor  contraction  going  on,  otlier  than  that  of  a  maximal 
flexion  reflex,  such  afferent  stinuiUition  inliil)its  it  to  some  extent  (61). 
The  flexors  and  exU'nsors  acting  on  a  single  joint  never  contract  fully 
together.  Any  Htinuihis  which  succeeds  in  producing  extension  will  at 
least  partly  inhibit  flexion  (00). 

We  may  develop  a  provisional  scheme  of  connections  of  the  spinal 
neurones,  without  rlaimitig  for  it  the  least  degre(>  of  probability  in  its 
present  fonn,  merely  for  the  puriwse  of  seeing  whether  it  is  possil)lo 
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for  any  arrangement  to  fulfil  the  conditions  necessary  to  explain  the 
phenomena  in  terms  of  nerve  impulses  whose  properties  are  such  as  I 
have  described.  Figure  2  (cf.  55,  fig.  7),  representing  an  extensor  and 
a  flexor  muscle  in  one  limb  and  the  neurones  involved  in  regulating  their 
function,  shows  a  typical  afferent  nerve  fiber  entering  the  cord  in  that 
limb,  one  branch  going  to  the  flexor  pre-motor,  and  the  other  to  the 
extensor  pre-motor  neurone.  Since  excitation  of  the  flexors  is  the 
dominant  reaction,  we  may  assume  that  the  branches  approach  the 
flexor  pre-motor  neurone  in  such  a  way  that  even  if  all  the  afferent 


Fig.  2.  Diagram  of  spinal  neurones  and  their  connections  to  provide  a  possible 
basis  for  analysis  of  reflexes.  Afferent  neurones  shown  in  light  lines;  internuncial 
neurones  in  double  lines;  motor  neurones  in  heavy  lines.  E,  extensor  muscle; 
F,  flexor  muscle;  MP,  median  plane;  CA,  contralateral  afferent  fibers;  I  A,  ipse- 
lateral  afferent  fibers;  DP,  delay  paths,  representing  extensive  central  connections 
to  provide  for  prolonged  after-discharge;  EPM,  extensor  pre-motor  neurone; 
FPM,  flexor  pre-motor  neurone;  EM,  extensor  motor  neurone;  FM,  flexor  motor 
neurone;  EMP,  collateral  branch  of  extensor  motor  neurone;  FMB,  collateral 
branch  of  flexor  motor  neurone. 

fibers  in  the  nerve  are  excited  they  will  not  set  up  impulses  of  inhibitory 
frequency  in  the  pre-motor  neurone,  the  decrement  in  the  terminal 
synapse  being  perhaps  relatively  slight.  The  convergence  of  terminal 
branches  at  the  extensor  pre-motor  neurone,  on  the  other  hand,  is  such 
as  to  establish  an  inhibitory  frequency  in  this  neurone,  provided  that 
all  or  most  of  the  afferent  fibers  are  excited,  and  consequently  inhibition 
of  the  extensor  muscle  no  matter  how  many  impulses  may  be  arriving 
from  other  sources.  Branches  are  shown  going  to  other  central  neu- 
rones designated  "delay  paths"  in  order  to  account  for  the  phenomena 
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of  after-discharge  and  rebound  as  already  described.  Paths  are  shown 
approaching  the  extensor  pre-motor  neurone  from  afferent  nerves  in 
the  opposite  limb.  The  arrangement  of  the  branches  whereby  they 
approach  should  be  such  that  the  impulses  set  up  in  this  neurone  are 
Ijelow  the  critical  value,  and  therefore,  excitatory  in  effect. 

To  account  for  crossed  inhibition  of  flexors  we  cannot  simply  invoke 
a  convergence  of  impulses  at  the  flexor  pre-motor  neurone  in  the  same 
way  that  we  did  for  inhibition  of  the  extensors,  otherwise  such  inhibition 
would  establish  a  block  which  no  amount  of  ipselateral  stimulation 
would  overcome.  This  would  be  at  variance  with  the  fact  that  maxi- 
mal afferent  stimulation  produces  a  flexion  reflex  which  cannot  be  in- 
hibited by  any  contralateral  stimulus.  To  deal  with  the  crossed  inhibi- 
tion of  flexors  and  to  allow  for  its  failure  to  dominate  a  strong  flexion 
reflex,  we  may  turn  to  structures  which  have  been  invoked  by  Graham 
Brown  (78,  p.  37)  to  explain  the  intrinsic  alternation  between  flexion 
and  extension  in  absence  of  afferent  stimulation. 

Von  Lenhossek  (89,  p.  245),  (cf.  1,  fig.  161)  has  described  the  arrange- 
ment of  the  "side-fibrils"  of  Golgi,  given  off  from  the  axons  of  manmia- 
lian  spinal  motor  neurones  near  their  point  of  passing  from  the  gray 
into  the  white  matter  of  the  cord.  He  considered  it  the  function  of  these 
side-fibrils  to  conduct  impulses  toward  the  axon,  but  his  argument 
(89,  p.  132)  is  based  on  anatomical  proximit}'  of  the  ends  of  the  fibrils 
to  the  end  branches  of  the  "reflex  collaterals"  of  the  posterior  roots; 
and  this  can  iiardly  be  taken  as  proof  of  "axopetal"  conduction.  Oraham 
Brown  suggested  that  this  side-fibril  might  be  concerned  with  the  func- 
tion of  inhibiting  the  antagonistic  nmscle.  Impulses  set  up  in  a  motor 
neurone  would  traverse  not  only  the  axon  but  the  side  branch  as  well, 
and  through  it  would  reach  a  point  where  they  could  exert  an  inhibitory 
effect  on  the  antagonistic  motor  neurones.  To  account  for  the  rhyth- 
mic alt<!rnation  \u)  suggested  tiiat  this  inhibitory  effect  might  become 
fatigued  and  thu.s  in  time  enable  tiic  inhibited  neurone  to  become  active 
and  in  turn  inhibit  its  antagonist.  In  our  provisional  scheme  the  side 
branch  ieadn  to  the  i)re-mot()r  neurone  of  the  niitagoiiistic  center.  The 
n>)4ulting  convergence  would  enabh^  impulses  in  the  motor  neurones  of 
one  center  to  raise  the  frequency  of  impulses  in  the  antagonistic  pre- 
motor  neurone  above  the  critical  value,  thus  establishing  inhibition 
(55,  p.  304). 

In  applying  tluH  scheme  to  spontaneous  alternation,  we  may  simply 
amumc  that  there  is  a  steady  stream  of  impulses  from  some  central 
source  (originating  in  thf  cutaneous  stimulation  in  tlic  case  of  tiiu 
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scratch  reflex,  perhaps  in  a  '^blood-stimulus"  in  the  case  of  narcosis 
progression),  and  that  their  arrival  at  the  pre-motor  neurones  is  so  timed 
as  to  set  up  in  them  only  an  excitatory  frequency;  whichever  motor 
neurone  responds  first  inhibits  its  antagonist  in  the  manner  just  de- 
scribed, until  a  synaptic  fatigue  occurs  at  the  point  where  the  side 
branch  acts  on  the  pre-motor  neurone;  then  the  impulse  frequency  in 
this,  falling  below  the  critical  value,  reverses  the  process.  Since  con- 
traction of  one  of  a  pair  of  antagonists  is  regularly  accompanied  by 
inhibition  of  the  other,  there  is  a  temptation  to  seek  a  simplification  of 
our  scheme  by  relegating  all  inhibition  to  the  side  fibrils  (or  collateral 
branches)  of  the  motor  neurones.  But  in  so  doing  we  should  fail  to 
account  for  the  dominance  of  the  flexion  reflex.  We  must  recognize 
a  difference  between  flexor  and  extensor  centers.  This  difficulty  may 
be  met  by  retaining  the  original  idea  of  direct  convergence  of  afferent 
paths  at  the  pre-motor  neurone  as  a  basis  of  inhibition  in  the  case  of 
the  extensor  center,  and  assuming  that  only  in  the  inhibition  of  flexors 
is  the  activity  of  the  side  fibrils  essential.  The  dominance  of  the 
flexion  reflex  would  then  depend  on  the  fact  that  strong  stimulation, 
exciting  all  afferent  fibers  at  once,  insures  the  necessary  convergence  to 
inhibit  the  extensor  motor  neurones  and  thus  release  the  flexor  center 
from  their  inhibitory  action. 

The  question  arises,  how  can  the  "electrical  reversal"  occur  and 
ipselateral  extension  be  evoked  in  spite  of  the  dominance  of  the  flexion 
reflex  with  its  twofold  tendency  to  inhibit  the  extensor  center?  Why 
do  not  the  afferent  impulses,  even  if  arriving  too  infrequently  to  set  up 
extensor  inhibition  by  direct  convergence,  induce  a  flexion  reflex  and 
thus  inhibit  the  extensor  by  virtue  of  the  side  fibrils?  The  answer  to 
this  question  may  be  found  in  the  consideration  that  whereas  our  dia- 
gram shows  but  one  neurone  of  each  type,  actually  in  the  spinal  cord, 
there  are  thousands,  and  each  motor  neurone  may  send  branches  not 
to  one  antagonistic  pre-motor  neurone,  but  to  many.  The  extensor  cen- 
ter is  characterized  by  a  slower  type  of  response,  and  especially  by  a 
longer  after-discharge,  than  the  flexor  center  (2,  p.  30).  In  our  scheme 
of  analysis  this  means  that  its  motor  neurones  are  approached  through 
a  more  extensive  series  of  "delay  paths."  This  arrangement  may  in- 
clude more  extensive  connection  for  each  afferent  fiber,  so  that  a  small 
number  of  afferent  fibers  will  reach  the  entire  coordinated  group  of 
central  neurones,  whereas  with  less  extensive  branching  in  that  direction 
a  large  number  of  afferent  fibers  is  required  to  reach  all  the  flexor  motor 
neurones.     Stimulation  of  an  afferent  nerve  with  the  kind  of  weak 
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stimuli  which  evoke  ipselateral  extension,  although  exciting  only  a  few 
afferent  fibers  and  through  them  only  a  few  flexor  motor  neurones,  may 
through  the  extensivenessof  the  delay  paths  set  up  a  generalized  disturb- 
ance throughout  the  extensor  center.  Then  even  if  a  few  isolated  flexor 
motor  neurones  have  been  excited,  they  will  soon  be  inhibited  through 
the  side  fibrils  of  the  much  larger  number  of  extensor  motor  neurones 
in  action. 

In  like  manner  we  may  deal  with  the  crossed  inhibition  of  flexor 
muscles.  Although  a  flexion  reflex  induced  by  stimulation  strong 
enough  to  insure  excitation  of  all  fibers  in  the  afferent  nerve  apparentlj'' 
cannot  be  inhibited  by  any  contralateral  stimulation,  Sherrington  and 
Sowton  have  shown  that  a  flexion  reflex  evoked  by  moderate  stimula- 
tion may  be  so  inhibited  (61).  We  may  suppose  that  if  a  sufficiently 
large  number  of  afferent  fibers  is  not  excited  there  may  be  a  number  of 
extensor  pre-motor  neurones  not  subjected  to  the  inhibitory  effect. 
Then  even  if  enough  flexor  motor  neurones  are  excited  to  cause  a  sub- 
stantial flexor  contraction  (as  in  the  experiments  of  Sherrington  and 
Sowton),  the  extensor  motor  neurones  which  are  called  into  action  will, 
by  virtue  of  their  side  fibrils,  inhibit  enough  of  them  to  cause  a  demon- 
strable decrease  in  the  contraction. 

These  considerations  together  with  the  synaptic  fatigue  invoked  to 
account  for  spontaneous  alternation  of  flexion  and  extension,  may  also 
account  for  the  rhythmic  alternations  induced  by  concurrent  excitation 
and  inhibition  in  the  extensor  center  (72).  First  one  group  of  neurones 
will  gain  the  ascendency,  and  then  lose  it  through  synaptic  fatigue  at 
the  ends  of  the  side  fibrils. 

An  apparent  objection  to  the  scheme  just  described  arises  from  the 
recent  experiments  of  Ohnsted  and  Warner  (90) .  They  found  that  when 
the  contractions  and  relaxations  of  the  antagonistic  knee  muscles  in 
the  decerebrate  cat  were  registered  together  on  a  rapid  drum,  the  latency 
of  relaxation  in  one  muscle  was  regularly  longer  than  that  of  contraction 
in  it«  antagonist.  Extensor  relaxation  began  1\<t  after  flexor  contrac- 
tion; flexor  relaxation  19<t  after  extensor  contraction.  In  the  scheme 
outlined  above  wo  found  it  necessary  to  lussume  that  if  the  extensor 
motor  ncuroncH  were  active  when  a  stimulus  was  applied  to  an  afferent 
nerve  the  flexor  muHcles  could  not  contract  until  their  motor  neurones 
ha<J  been  relca»<?d  from  the  inhibitory  action  of  the  extensor  motor 
neurones  by  the  inhibition  of  these  through  direct  convergence  of  im- 
pulses at  their  pre-motor  neurones.  This  view  appears  at  first  sight 
to  be  incompatible    with  the    observations  of  Olmsted  and  Wariu'r; 
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apparently  inhibition  of  extensors  should  follow  excitation  of  flexors,  not 
precede  it.  This  objection  may  be  readily  answered  by  a  consideration 
of  the  contraction  time  of  a  muscle.  Inhibition  consists  in  the  stoppage 
of  impulses  from  traversing  the  motor  neurones.  Suppose  when  a 
flexion  reflex  is  evoked  the  last  impulse  to  traverse  the  extensor  motor 
neurone  and  the  first  to  traverse  the  flexor  motor  neurone  occurred  at 
the  same  moment,  and  suppose  the  conduction  time  the  same  in  the  two 
motor  nerves.  Then  the  latency  of  extensor  relaxation  would  be  longer 
than  that  of  flexor  contraction  by  the  time  elapsing  between  the  initia- 
tion of  the  last  propagated  disturbance  in  the  extensor  muscle  and  the 
commencement  of  relaxation  following  it.  Judging  from  myograph 
records  of  the  simple  twitch  (91,  p.  25),  the  time  required  for  a  muscle 
to  pass  the  maximum  of  its  contraction  at  the  mammalian  body  tem- 
perature would  be  about  Ida,  approximately  the  difference  noted  by 
Olmsted  and  Warner.  The  motor  nerves  are  nearly  the  same  length 
and  their  conduction  times  probably  differ  by  very  little;  the  speed  of 
nerve  reactions  is  so  great  and  the  distances  involved  in  the  spinal  cord 
so  small  that  the  whole  chain  of  processes  involved  in  the  release  of  the 
flexor  motor  neurones  from  inhibition  in  the  manner  suggested  would 
probably  occur  easily  within  the  reduced  reflex  time,  4<t,  already  noted 
for  the  flexion  reflex.  Therefore,  the  difference  due  to  the  contraction 
time  of  the  muscle  is  so  large  that  it  completely  obscures  any  small 
difference  in  time  which  may  elapse  between  cessation  of  extensor  motor 
impulses  and  commencement  of  impulses  to  the  flexors.  There  is, 
therefore,  no  real  objection  raised  by  the  observed  difference  in  latencies. 

It  cannot  be  too  strongly  emphasized  that  the  particular  arrangement 
of  neurones  shown  in  the  diagram  is  not  for  a  moment  supposed  to 
represent  the  actual  arrangement  of  neurones  in  the  spinal  cord.  It  is 
developed  simply  for  the  purpose  of  seeing  whether  any  conceivable 
arrangement  might  account  for  the  reflex  phenomena  without  postulat- 
ing new  and  unknown  functional  properties.  As  we  shall  presently 
see,  another  and  quite  different  arrangement  may  be  developed  to 
answer  the  same  purpose. 

Motor  innervation  in  tonus  and  other  sustained  contraction. 
The  frequency  of  nerve  impulses  involved  in  most  of  the  activities  of 
the  nervous  system  on  which  evidence  has  been  obtained  is  higher  than 
has  been  generally  supposed.  The  appearance  of  a  characteristic  action 
current  frequency  of  about  50  per  second  in  human  muscles  in  voluntary 
contraction  led  Piper  (92)  to  conclude  that  this  was  the  frequency  of 
impulses  in  the  motor  nerve  fibers  innervating  these  muscles.     Follow- 
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ing  the  lead  of  Buchanan  (93)  we  have  found  evidence  (94)  indicating 
that  the  nerve-impulse  frequency  in  voluntary  innervation  of  the  fore- 
arm flexors  is  much  higher  than  that  appearing  in  the  muscular  action 
currents.     The  true  frequency  seems  to  be  not  less  than  300  per  second. 

In  contrast  with  this  finding  is  the  recent  observation  by  Gasser  and 
Newcomer  (95),  confirming  those  of  Dittler  (96)  and  Garten  (97),  that 
in  the  dog  the  action  currents  in  the  diaphragm  correspond  exactly  with 
those  of  the  phrenic  nerve  simultaneously  recorded,  the  frequency  being 
about  100  per  second.  It  is  interesting  that  the  evidence  should  indi- 
cate such  a  difference  in  the  mode  of  innervation  of  two  muscles,  both 
under  voluntary  control.  No  reason  for  the  difference  is  known,  so  far  as 
I  am  aware. 

The  known  refractory  phase  of  medullated  nerves  at  mammalian 
body  temperature  is  such  that  it  should  set  an  upper  limit  to  their 
nerve-impulse  frequency  in  the  neighborhood  of  a  thousand  per  second. 
If  the  internuncial  neurones  do  not  differ  greatly  from  the  peripheral 
nerves  we  should  expect  to  find  the  critical  frequency  in  the  assumed 
pre-motor  neurone  somewhere  between  1000  and  300  a  second,  judging 
from  the  observed  duration  of  the  relative  refractory  phase  in  motor 
nerves. 

The  requirements  of  the  proposed  scheme  suggest  a  briefer  rather 
than  a  longer  refractory  phase  in  the  pre-motor  neurone  than  is  found 
in  peripheral  nerves;  therefore  when  reflex  excitation  occurs  the  dis- 
turbances should  be  available  for  exciting  the  motor  neurone  at  least 
as  often  as  it  is  able  to  respond.  Therefore  we  should  expect  the  fre- 
quency of  impulses  in  the  motor  nerve  to  lie  somewhere  between  the 
limits  mentioned,  viz.,  between  300  and  1000  per  second.  This  con- 
clusion is  in  harmony  with  that  arrived  at  by  experiment  in  the  case  of 
human  forearm  flexors  in  voluntary  contraction. 

Tonus.  Tonus  is  a  baffling  phenonienon,  especially  wjien  one  at- 
tempts to  interpret  it  in  t<'nns  of  propagated  disturbances  in  the  tissue 
wliich  exiiibits  it.  It  is  a  well-known  fact,  which  has  often  been  cited 
(98),  (99,  p.  535),  (100)  in  connection  with  the  innervation  of  skeletal 
mUBcles,  that  in  the  mollusc,  pecten,  there  are  two  distiiu-t  types  of 
muscle,  one  capable  of  executing  movement,  the  other  a  "postural" 
mUHclc  appan-ntly  not  concerned  with  movement,  but  capable  of  niuiii- 
taining  it«  contracted  state  against  great  force  without  expciuiitiin'  of 
energy,  thuH  dynatnically  reacmbliug  a  vise.  Sherrington  (9S)  has 
noted  the  Btriking  mniilarity  of  iK'havior  betw<'en  the  extensor  nuiseles 
in  moderate  degreeit  of  dec(>rebrute  rigidity  ami  the  postural  muscle  of 
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pecten.  The  condition  he  describes  is  one  that  he  calls  "plastic  tonus." 
The  muscle  assumes  any  degree  of  shortening  passively  imposed  on  it, 
and  maintains  the  posture  for  a  long  time,  apparently  without  fatigue. 
Roaf  (101)  found  no  evidence  of  increased  metabolism  in  muscles  during 
decerebrate  rigidity;  and  Bayliss  (102),  measuring  heat  production, 
found  evidence  of  great  economy  of  energy  in  this  condition.  On  the 
strength  of  these  data  Wilson  (100,  p.  558)  states  that  "the  evidence 
of  duality  of  muscle  function  in  vertebrates  appears  satisfactorily 
demonstrated."      (cf.  Kahn  (112)  and  Einthoven  (113). 

What  can  be  the  basis  of  such  a  duality  of  function?  We  know  that 
the  state  of  decerebrate  rigidity  depends  on  nerve  impulses,  both 
afferent  and  efferent;  it  is  a  reflex.  Cutting  either  the  afferent  fibers 
from  an  extensor  nmscle  or  the  motor  fibers  innervating  it  abolishes  the 
"tonus"  (2,  p.  301).  Some  influence  passing  along  the  motor  nerve 
must  maintain  it.  The  only  influence  we  know  of  that  can  traverse  a 
nerve  is  the  nerve  impulse  or  propagated  disturbance  whose  properties 
I  have  described — a  definite,  transient  change,  giving  no  evidence  of 
qualitative  variations.  The  nerve  impulse  is  what  calls  the  muscle  into 
action  when  the  nerve  is  artificially  stimulated ;  it  is  supposed  to  be  the 
means  of  evoking  voluntarj^  and  ordinary  reflex  contractions  in  the 
muscle.  But  "tonus"  is  supposed  to  be  evoked  by  something  different. 
Are  we  to  assume  that  the  nerve  is  capable  of  transmitting  another 
wholly  different  kind  of  influence  of  a  character  as  yet  unknown?  Or 
may  we  yet  find  a  basis  for  explaining  "tonus"  as  well  as  other  reflex 
acts  in  terms  of  the  well-recognized  propagated  disturbance? 

Buytendyk  (103)  has  shown  that  in  decerebrate  rigidity  action  cur- 
rents may  be  led  off  from  the  extensor  muscles  showing  practically  the 
same  frequency  as  those  of  voluntary  contraction,  and  varying  in  am- 
plitude rather  than  in  frequency  in  various  degrees  of  rigidity.  This 
result  tends  to  indicate  that  reflex  "tonus"  is  not  fundamentally  dif- 
ferent, as  regards  the  underlying  type  of  disturbance,  from  voluntary 
and  other  reflex  contractions.  Experiments,  of  which  a  preliminary 
report  has  appeared  (104),  fail  to  show  other  than  a  quantitative  dif- 
ference between  the  crossed  extension  reflex,  post-inhibitor}'  rebound 
and  the  tonic  contraction  of  decerebrate  rigidity,  as  regards  motor 
innervation.  They  do  not,  however,  prove  definitely  that  qualitative 
differences  may  not  exist. 

There  is  a  conceivable  basis  for  explaining  the  extraordinary  economy 
of  energy  in  reflex  tonus  as  compared  with  voluntary  contraction,  arising 
from  the  explanation  of  the  "shortening  reaction"  suggested  above. 
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Barbour  and  Stiles  (105)  have  found  evidence  indicating  that  sustained 
reflex  contraction  sometimes  consists  in  alternate  periods  of  activity 
and  rest  in  individual  muscle  groups.  Possibh'  a  group  of  fibers  in  a 
shortened  state,  either  by  virtue  of  their  own  contraction  or  of  those 
about  them,  sends  to  a  limited  number  of  motor  neurones  the  requisite 
proprioceptive  impulses  to  establish  reflex  contraction.  The  muscle 
fibers  thus  excited  may  be  different  from  the  first  group.  Synaptic 
fatigue  (perhaps  at  the  junction  of  the  afferent  fibers  with  the  pre- 
motor  neurones)  releases  these  muscle  fibers  before  they  become  subject 
to  fatigue,  but  meanwhile  their  contraction  has  reflcxly  evoked  that 
of  a  third  group.  And  so  the  fiber  groups  may  take  up  the  load 
in  rotation  and,  for  some  reason,  by  this  means  attain  an  economy 
otherwise  impossible  (cf.  111). 

It  is  obviously  unwarrantable  to  consider  the  evidence  at  hand  suffi- 
cient to  establish  such  a  mechanism  of  rotation  as  that  just  described; 
it  is  merely  mentioned  to  show  how  many  possibilities  arise  in  a  system 
so  complex  as  we  know  the  neuro-muscular  mechanism  to  be.  The 
object  is  to  show  that  the  same  kind  of  propagated  disturbance  which 
has  become  familiar  in  isolated  nerve  and  muscle,  may  be  the  basis  of 
the  baffling  phenomena  of  reflex  tonus,  the  apparently  fundamental 
differences  in  the  kinds  of  activity  observed  depending  in  reality  on  the 
vast  complexity  of  organization  in  the  system  as  a  whole.  The  con- 
clusion to  be  drawn  is  that  in  spite  of  the  striking  resemblance  between 
plastic  tonus  in  skeletal  muscles  and  the  postural  or  'catch"  muscle  of 
pecten,  we  are  not  justified,  without  further  proof,  in  assuming  it  to 
depend  on  a  function  in  muscle  distinct  from  that  involved  in  "tetanus," 
evoked  in  turn  by  a  special  function  in  nerve  distinct  from  the  ordinary 
nerve  impulse. 

Parker  has  suggested  that  the  possible  function  of  the  neuro-fibrils  has 
been  somewhat  overlooked  in  physiological  discussion,  and  that  con- 
ceivably these  may  be  concerned  with  the  transmission  ol  such  special 
impulses  as  may  induce  tonus.  This  interesting  suggestion  is  one  which 
IB  difficult  to  approach  by  experiment,  but  possibly  it  finds  support  in 
the  observation  of  Lucas  (27)  that  the  nerve  in  the  crayfish  diiw  con- 
taiiu  two  "excitable  Hubstanccs"  of  widely  different  chronaxie. 

The  theory  that  tonus  in  skeletal  muscle  depends  on  innervation 
through  the  syni pathetic  nervous  system  (114)  has  been  shown  to  be 
without  lulwjuaU?  foundation  (115),  cf.  (116). 

A  PHYSICAL  viKW  OK  KUNCTJONAL  DiFFEnENCEB.  Looking  at  the 
nerve  impulse  from  the  point  ot  view  of  the  physical  properties  of  the 


SPINAL    REFLEXES  405 

fiber,  we  may  find  considerations  which  possibly  will  clarify  the  prob- 
lems of  reflex  conduction.  Reasons  have  already  been  given  for  con- 
cluding that  essential  features  in  the  conducting  function  of  the  nerve 
fiber  are  the  polarized  state  of  the  membrane  at  rest,  and  the  breaking 
down  of  this  polari25ation  (difference  of  potential  inside  and  outside)  in 
activity,  the  depolarization  being  propagated  by  means  of  the  resulting 
action  current.  Lillie  (32),  comparing  different  nerves  and  muscles, 
and  Lucas  (106),  observing  a  muscle  at  different  temperatures,  found 
cogent  reasons  for  concluding  that  the  velocity  of  conduction  depends 
on  the  speed  of  development  of  the  electric  response  at  a  given  point 
in  the  fiber.  Lillie  reinforced  this  conclusion  with  measurements  show- 
ing that  the  action  current  in  nerve  is  just  about  strong  enough  to  ac- 
count for  the  actual  velocity  of  the  impulse  on  this  basis  (32,  p.  434). 

Williams  and  Crehore  (107)  attempted  to  explain  the  nerve  impulse 
as  a  transient  electric  current  conducted  as  in  a  cable.  Their  explana- 
tion as  originally  formulated  proved  untenable  for  reasons  which  have 
already  been  mentioned  (p.  367).  But  certain  facts  were  brought  to 
light  in  their  investigation,  which  must  have  an  important  bearing  on 
the  problem.  They  found  that  the  distributed  capacity  of  a  motor 
nerve  fiber  as  estimated  from  its  histological  structure  and  the  known 
chemical  properties  of  the  myelin  sheath,  together  with  the  ohmic  re- 
sistance estimated  from  measurements  of  a  whole  nerve,  suffice  to  ac- 
count for  the  transmission  of  a  transient  electrical  current  in  such  a 
conductor  as  the  fiber  appears  to  be,  at  the  same  velocity  as  is  actually 
found  in  the  nerve  impulse.  The  agreement  is  remarkably  close; 
furthermore  the  difference  between  the  velocity  of  conduction  in  medul- 
lated  and  non-medullated  nerves  is  the  same  sort  of  difference  that  they 
would  expect  on  theoretical  grounds  because  of  the  greater  capacity 
involved  in  the  case  of  the  thinner  sheath. 

At  first  sight  Lillie's  view  that  velocity  of  conduction  depends  on  the 
rate  of  development  of  the  action  current  appears  to  place  the  cause  of 
the  velocity  in  something  quite  distinct  from  the  physical  constants, 
resistance  and  distributed  capacity;  the  two  views  seem  to  have  nothing 
in  common.  But  when  we  consider  what  the  necessary  effect  of  re- 
sistance and  capacity  must  be  on  such  a  conductor  we  see  that  we  must 
deal  with  the  two  ideas  together.  The  question  arises,  what  determines 
the  speed  with  which  the  action  current  develops  at  a  given  point  in 
the  fiber?  Suppose  the  speed  of  conduction  does  depend  on  the  rate  of 
rise  of  the  action  current,  can  this  electrical  disturbance  be  conducted 
along  such  a  conductor  faster  than  the  capacity  and  resistance  would 
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permit  the  crest  of  a  transient  current  introduced  from  an  outside 
source  to  travel?  Both  resistance  and  distributed  capacity  retard  the 
progress  of  a  transient  change  of  potential  imparted  to  an  insulated 
conductor.  The  structure  of  the  nerve  fiber  is  such  that  there  must  be 
resistance  and  distributed  capacity  in  it  of  the  general  order  estimated 
by  Williams  and  Crehore.  These  physical  constants  must  act  in  the 
nerve  as  in  a  cable,  retarding  the  development  of  a  potential  change  at 
any  given  point,  and  therefore  retarding  the  velocity  of  transmission. 
Thus  the  rate  of  rise  of  the  action  current  and  the  correlated  velocity 
of  conduction  must  together  be  controlled  by  these  physical  constants. 
On  this  view  one  function  at  least  of  the  relatively  thick  myelin  sheath 
in  a  medullated  fiber  would  be  to  insure  high  speed  of  conduction,  a 
result  of  obvious  utility  in  the  rapid  coordination  of  movement. 

In  emphasizing  the  community  of  functional  capacity  in  all  the 
excitable  tissues,  I  called  attention  to  the  approximate  agreement  be- 
tween quantitative  variations  in  the  duration  of  the  different  aspects  of 
function — chronaxie,  action  current,  and  refractory  phase.  Turning 
to  the  structural  differences  in  the  known  tissues  we  may  look  for  a 
basis  of  these  differences  in  the  dimensions  of  the  different  structures 
which  must  determine  in  part  the  resistance  and  capacity,  and  we  may 
further  attempt  to  correlate  velocity  of  conduction  with  the  other  quan- 
tities on  the  same  basis.  Besides  these  constants  we  must  consider  also 
the  ease  with  which  excitation  occurs,  i.e.,  the  intensity  of  the  action 
current  which  must  occur  at  a  given  point  in  advance  of  the  crest  of 
the  approaching  wave  in  order  to  excite  the  tissue  there.  In  general 
we  find  that  those  tissues  which  are  rapid  in  one  aspect  of  their  function, 
tend  to  1m'  rapid  in  others.  Muscle,  as  compared  with  nerve,  has  a 
long  chronaxie,  long  action  current,  long  refractory  phase  and  slow  con- 
duction. The  thin  sheath  and  consequently  large  capacity  might  well 
accoimt  for  this.  The  comparison  of  niedullatod  and  non-niodullated 
nerve  filxTS  shows  similar  differences.  On  the  other  hand,  Adrian  (12) 
has  shown  a  lack  of  parallelism  between  nerve  and  muscle  in  the  com- 
parison of  refractory  phase  and  action-current  dnration.  If  we  knew 
the  three  determining  factors, — resistance,  capacity  and  local  excita- 
bility in  each  case  we  might  find  in  them  the  basis  for  this  divergence. 

F'rom  the  point  of  view  of  reflex  function  it  will  be  of  interest  to  see 
if  these  concepts  can  throw  any  light  on  the  properties  of  the  attenuated 
portions  of  the  nerve  filnrs  in  the  synaptic  regions.  Wo  have  already 
(icen  wvernl  fimctional  properties  wherein  synapses  resemble  the  junc- 
tional titfsiie  ill  fill- iiciin.-iiiii'^eular  mechanism.     It  would  go  far  toward 
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removing  functional  characters  from  the  realm  of  the  unknown  if  we 
could  find  a  probable  basis  for  them  in  the  dimensions  and  resulting 
physical  constants  of  the  structures  involved. 

The  nerve-muscle  junction  has  been  shown  to  have  the  briefest 
chronaxie  of  all  the  tissues  examined.  I  have  already  mentioned 
Bazett's  observations  which  pointed  to  a  correspondingly  brief  refract- 
ory phase  in  this  tissue,  and  the  likelihood  of  a  correspondingly  brief 
duration  of  response.  Its  speed  of  conduction,  however,  instead  of 
being  rapid,  as  we  might  infer  by  analogy,  is  slow  compared  with  nerve 
conduction,  for  a  delay  in  transmission  is  demonstrable  there.  "We  do 
not  know  its  finer  structure  well  enough  to  seek  an  explanation  of 
these  facts  in  terms  of  the  probable  physical  constants. 

In  making  a  comparison  with  the  synapse  we  may  start  from  the 
observed  facts  indicating  many  physiological  resemblances  between  it 
and  the  neuro-muscular  junction, — decrement,  fatigue,  delay,  etc. 
Forbes  and  Gregg  were  led  by  their  observations  (56,  p.  221)  to  infer 
that  in  some  central  part  of  the  reflex  path  the  refractory  phase  was 
briefer  than  in  the  periphe  ral  aff  eren  t  nerve  fiber.  This  inference  seemed 
necessary  to  account  for  summation  of  propagated  disturbances  on 
which  apparently  depend  the  observed  variations  of  reflex  response  to 
graded  afferent  stimuli.  This  idea  fits  in  well  with  the  other  apparent 
similarities  between  the  synapse  and  the  neuro-muscular  junction.  We 
do  not  know  the  structure  of  the  synapse  in  sufficient  detail  to  apply 
physical  principles  to  conduction  in  it  with  much  confidence  of  accuracy, 
but  we  may  attempt  a  trial  hypothesis  based  on  such  properties  as  are 
histologically  apparent.  One  point  we  are  sure  of, — great  attenuation 
of  the  fijner  terminal  branches  and  of  branches  of  the  dendrites.  The 
question  of  contact  or  protoplasmic  continuity  between  neurones  has  been 
much  debated.  Sherrington  (2,  p.  16)  has  been  inclined  toascribemost 
properties  of  the  synapse  to  a  synaptic  membrane  which  may  be  looked  on 
as  transverse,  i.e.,  interrupting  the  continuity  of  the  conducting  path. 
Marui  (4)  maintains  that  the  neurofibrils  of  one  neurone  pass  directly 
into  the  cell  body  of  the  next.  It  has  already  been  noted  that  Lillie's 
explanation  of  irreversible  conduction  at  the  synapse  does  not  require 
a  transverse  membrane  (32).  Conceivably  neurones,  though  arising 
as  separate  cells,  establish  protoplasmic  fusion  in  the  development  of 
functional  reflex  arcs,  possibly  by  a  process  similar  to  the  formation  of 
foreign  body  giant  cells  (108) .  From  the  point  of  view  of  the  membrane 
theory  of  nerve  conduction  it  is  easier  to  picture  transmission  of  the 
impulse  through  a  reflex  path  if  we  assume  the  membrane  surrounding 
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the  conducting  unit  to  be  continuous,  and  not  interrupted  by  a  trans- 
verse membrane.  It  will  be  of  interest  to  see  if  the  properties  of  the 
synapse  could  depend  on  variations  in  the  dimensions  and  the  resulting 
time  relations  of  different  portions  of  the  path,  rather  than  on  a  trans- 
verse membrane,  especially  in  view  of  the  doubt  cast  on  the  existence 
of  such  a  structure  by  Marui. 

Applj'ing  the  principle  of  physical  constants  to  the  synaptic  region 
we  may  be  certain  that  one  result  of  attentuation  will  be  a  great  increase 
in  the  ohmic  resistance  per  millimeter.  This  will  tend  to  retard  con- 
duction. The  distributed  capacitj^  will  depend  on  the  ratio  of  internal 
to  external  diameter;  a  thin  sheath  in  proportion  to  the  total  diameter 
of  the  fiber  confers  a  large  capacity.  So  far  as  I  know,  data  are  not 
available  for  estimating  whether  capacity  would  undergo  increase  or 
decrease  as  the  fiber  splits  into  its  finer  branches.  Small  capacity  would 
tend  to  enable  the  electric  response  to  develop  rapidly  at  a  given  point. 
Therefore  if  the  sheath  continues  to  be  as  thick  in  proportion  to  the  total 
fiber  as  in  peripheral  nerve,  conditions  may  exist  for  a  brief  duration  of 
response,  and  yet  conduction  would  be  relatively  slow  because  of  the 
high  resistance.  We  do  not  know  what  determines  the  duration  of 
refractory  phase,  but  in  general  it  shows  fair  correlation  with  duration 
of  response  (42) ;  furthermore  we  should  expect  the  exhaustion  and  re- 
newal of  material,  such  as  might  determine  the  refractory  phase,  to 
occur  more  rapidly  in  a  small  structure  than  in  a  larger  one  (51).  There- 
fore there  is  some  likelihood  on  various  grounds  that  the  fine  end 
branches  may  be  characterized  by  brief  chronaxio,  response  and  refrac- 
tory phase  as  compared  with  the  larger  peripheral  fibers.  Table  1 
shows  the  approximate  dimensions  and  other  data  bearing  on  the  pos- 
sible influence  of  these  dimensions  upon  function.  The  dimensions  are 
taken  from  Lewis  and  Stohr  (109),  the  times  are  roughly  estimated  for 
temperatures  between  15°  and  20°C.,  from  the  data  of  Lucas  (5), 
Lapicquc  and  Legendre  (110),  (cf.  99,  p.  401),  Lillic  (32)  and  Adrian  (42). 

The  next  questioD  is, — what  will  happen  if  a  nerve  impulse  conducted 
in  accordance  with  the  principles  tussumod,  encounters  a  region  where 
the  filx;r  splits  into  a  lunnber  of  finer  branches?  According  to  the 
principle  of  Lillic  which  we  are  at  present  assuming,  the  electric  dis- 
turtmnce  in  the  last  part  of  the  full-sized  fib(>r  is  the  cause  of  excitation 
in  the;  Hmuller  branch;  if  this  electric  disturbance  is  of  such  long  (hirjif  ion 
that  it  continuj'S  to  lx»  above  threshold  valu(;  till  after  the  response  and 
the  ensuing  refractory  phase  in  the  more  rapidly  acting  branch,  it  will 
•et  up  a  second  reH|M>nHe  in  the  latt<'r;  if  the  l^ranch  has  a  brief  enough 
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refractory  phase  it  may  respond  thus  three  or  four  times  to  the  action 
current  in  the  main  fiber.  Thus  a  single  nerve  impulse  entering  the 
terminal  branches  may  conceivably  be  broken  up  into  a  series  of  briefer 
impulses.  Conceivably  this  phenomenon  occurs  at  the  neuro-muscular 
junction,  and  may  provide  a  basis  for  explaining  the  increased  delay 
in  conduction  of  an  early  second  response  from  nerve  to  muscle, 
described  by  Lucas  (39).  Experiments  are  now  in  progress  bearing 
on  this  point.  They  do  not  go  far  toward  revealing  whether  this  phe- 
nomenon occurs  or  not,  but  at  present  the  results  are  in  harmony  with 
the  hypothesis. 

Let  us  see  if  such  a  mechanism  can  form  a  basis  for  explaining  the 
various  reflex  phenomena,  and  thus  enable  us  to  dispense  with  the 
confusing  transverse  membrane,  and   possibly   also   to   simplify  the 


TABLE  1 


Total  diameter  of  fiber 

Sheath 

Resistance 

Capacity 

Chronaxie 

Rise    of    action    current    to 

maximum 

Velocity        of        conduction 

(meters  per  second) 

Absolute  refractory  period . . . 


SKELETAL 
MC8CLE 


30m 
Thin 
Low 
Large 
4.0a 

2.5<r 

1.5 
4.0(r 


MEDUL- 
LATED 
NERVE 


20m 
Thick 
High 
Small 

0.3<r 

0.5<r 

30.0 
2. Oct 


NON-MED- 
ULLATED 
NERVE 


3m 
Thin 
High 
Large 
20. Off 

50.  Off 

0.2 


/3-BtJB- 
BTANCE 


? 
? 

? 
? 

0.04(r 


Slow 
Brief? 


HTPO- 
THETICAL 
SYNAPSE 


? 
? 

Very  high 
? 
? 


Slow 
Brief? 


arrangement  of  neurones.  For  example,  we  may  assign  different  fre- 
quencies of  response  to  various  positions  of  the  dendrites,  and  include 
in  them  the  necessary  regions  of  decrement,  thus  dispensing  with  the 
"pre-motor"  neurone  altogether. 

In  order  to  illustrate  how  this  idea  may  be  applied,  let  us  consider  a 
specific  problem  mentioned  in  connection  with  electrical  reversal  and 
its  dependence  on  tonus,  viz.,  the  arrangement  of  branches  providing 
for  reinforcement  by  convergence  of  impulses  at  one  point  and  inhibi- 
tion by  impulses  approaching  from  another  source.  Let  figure  3  repre- 
sent a  motor  neurone  with  the  converging  branches  of  its  dendrites, 
each  in  connection  with  an  afferent  or  internuncial  fiber;  let  A  and  B 
be  the  paths  whose  impulses  reinforce  each  other  on  the  principle  of 
summation;  let  D  be  the  path  through  which  inhibitory  impulses  arrive. 
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The  decrement  in  C,  where  A  and  B  meet  is  such  that  a  single  impulse 
fails  to  pass;  the  refractory  phase  there  is  very  brief.  It  frequently 
happens  that  impulses  arrive  through  A  and  B  at  the  right  interval 
to  cause  summation,  the  second  falling  in  the  supernormal  phase  of 
recovery  in  C.  A  second  impulse  so  timed  will  pass  the  remainder  of  the 
dendrite  and  set  up  an  impulse  in  the  axon  F.  Any  impulse  approach- 
ing through  the  afferent  fiber  D,  when  reaching  d,  the  most  attenuated 
part  of  that  path,  will  be  broken  up  into  a  series  of  very  brief  impulses 
whose  frequency  is  so  high  that  each  reaches  the  larger  main  trunk  of 
the  dendrite  E  early  in  its  relative  refractory  phase  following  the  pre- 
ceding impulse,  therefore  the  disturbances  in  E  will  be  subnormal  and 
fail  to  pass  such  decrement  as  exists  in  E.  Thus  as  long  as  impulses 
approach  through  D,  E  is  the  seat  of  a  total  block  to  impulses  com- 
ing from  all  branches  of  the 
dendrite. 

This  principle  may  be  applied 
to  a  general  scheme  for  the  or- 
ganization of  the  spinal  centers, 
shown  in  figure  4,  which  is 
simpler  than  that  in  figure  2, 
and  yet  I  believe,  provides  for 
all  the  phenomena  called  for  in 
the  discussion.  A  great  diffi- 
culty in  the  original  scheme  was 
to  picture  a  prc-motor  neurone 
with  so  brief  a  refractory  phase 
as  to  respond  with  separate  impulses  to  the  rapid  sequence  of  afferent 
impulses  reaching  it  almost  simultaneously.  If  we  dispcmse  with  the 
assumption  of  convergence  as  the  basis  of  inhibitory  frequency  in  the 
extensor  center,  and  refer  this  frequency  instead  to  the  breaking  up  of  a 
single  impulse  into  a  series  of  briefer  ones  in  the  finer  branches,  we  may 
establish  the  conditions  for  inhibition  on  the  principle  just  explained  in 
the  schema  shown  in  figure  3.  The  rest  of  the  scheme  will  operate 
substantially  in  the  manner  outlined  in  connection  with  figure  2,  with 
the  modification  that  excitation  in  the  extensor  center  depends  largely 
on  the  summation  effect  of  convergence  just  explained  (fig.  3).  The 
release  of  the  flexor  motor  neurones  from  inhibition  by  the  side  fibrils  of 
the  extensors  in  the  cuhc  of  a  dominant  flexion  reflex  will  depend  on 
inhibition  of  the  extensors.  The  same  considerations  of  preponderance 
of  numt)er8  of  neurones  will  apply  as  before,  in  the  case  of  crossed 
inhibition  of  flexors. 


Fig.  3.  Diagram  of  motor  neurone  with 
hypothetical  arrangement  of  conducting 
paths.    See  text. 
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This  simplified  scheme  presents  whatever  advantage  there  is  in  uni- 
fication of  the  principles  involved.  It  affords  a  possible,  if  not  probable, 
cause  of  the  various  impulse  frequencies,  instead  of  merely  postulating 
them. 


Fig.  4.  Simplified  scheme  of  spinal  neurones.    Lettering  as  in  figure  2. 


CONCLUSION 

Any  elaboration  of  a  schema  such  as  those  presented  is  apt  to  be 
construed,  in  spite  of  earnest  professions  to  the  contrary,  as  an  attempt 
to  endow  a  provisional  hypothesis  with  the  dignity  of  a  well-founded 
theory.  Again  I  wish  to  emphasize  that  neither  schema  as  outlined  is 
advocated  as  being  at  all  probable.  They  are  developed  merely  as 
samples  of  the  kind  of  possible  arrangement  whereby  we  may  test  the 
question  whether  our  present  knowledge  of  reflexes  reveals  anything 
that  cannot  be  reconciled  with  Lucas'  proposed  interpretations. 

Our  view  of  so  large  a  problem  must  necessarily  remain  inconclusive 
until  our  knowledge  has  advanced  far  beyond  its  present  stage.  But 
when  we  consider  the  enormous  complexity  of  connections  in  the  ner- 
vous system,  and  the  great  range  of  possible  variation  in  the  time  rela- 
tions of  response  in  the  different  parts,  depending  on  structure  and 
dimensions,  we  may  well  believe  that  a  basis  for  all  the  great  diversity 
of  function  may  lie  in  the  single  type  of  disturbance  which  seems  to 
be  a  phenomenon  common  to  nerve  and  muscle  fibers.  We  should  there- 
fore refrain,  at  least  for  the  present,  from  concluding  that  summation, 
inhibition,  tonus,  and  all  the  other  phenomena  characteristic  of  the 
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central  structures  require  the  assumption  of  new  and  wholly  unknown 
functional  capacities  in  the  central  mechanism. 

The  question  raised  by  Lucas  is  still  unanswered.  But  if  the  time 
comes  when  it  can  be  shown  that  the  evolution  of  the  dominant  activities 
of  man  has  depended  essentially  on  the  elaboration  of  a  single  process, 
the  development  of  the  branched  and  attenuated  fiber  with  an  unstably 
polarized  membrane  appearing  in  enormously  varied  forms,  but  ever 
the  same  in  its  basic  properties,  this  will  be  a  generalization  of  the  first 
magnitude. 

Such  a  generalization  need  not  affect  any  philosophical  position  we 
may  take  as  to  the  relation  between  cerebral  activity,  as  viewed  from 
the  objective  standpoint,  and  consciousness  as  known  to  us  through 
our  own  subjective  experience.  It  should  not  seek  to  rob  conscious 
life  of  any  of  its  subjective  properties.  It  would  merely,  if  substantiated, 
effect  a  simplification  of  the  physical  aspect  of  the  activity  of  the  ner- 
vous system. 

I  wish  to  express  my  thanks  to  Miss  M.  Taylor  and  Mrs.  G.  B.  Ray 
for  help  in  preparing  the  work  for  publication. 
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Atrophic  changes  in  mass  of  body  tissues  are  brought  about  by  chemi- 
cal Hquefaction  of  the  tissue  proteins,  catalyzed  by  enzymes  present  in 
the  cells.  In  the  course  of  this  liquefaction  the  same  products  are 
formed  which  appear  as  the  end  result  of  hydrolytic  cleavage  of  protein 
by  the  enzymes  of  the  digestive  tract,  namely,  the  peptides,  and  amino- 
acids.  By  diffusing  out  into  the  blood  and  lymph,  these  products  are 
removed  and  the  cell  or  the  tissue  decreases  in  mass  and  in  metabolism 
to  a  proportionate  degree.  In  certain  atrophies,  digestion  of  the  tissue 
proteins  is  further  facilitated  by  the  action  of  phagocytes,  but  even 
in  these  cases  phagocytosis  is  a  secondary  process,  and  must  be  pre- 
ceded by  the  initial  steps  of  autolysis  or  post-mortem  changes  which 
produce  chemotactic  substances  attractive  to  the  phagocyte. 

The  early  work  in  autolysis  has  been  so  ably  reviewed  elsewhere  by 
Levene,  Wells,  Dernby,  etc.,  (1),  (2),  (3),  (4),  (5)  that  in  this  paper  we 
may  consider  it  only  in  its  broadest  aspects  and  omit  the  detail.  This 
becomes  all  the  more  necessary  in  view  of  the  difference  in  attack  and 
technique  in  the  earlier  work,  the  neglect  of  certain  factors  such  as  the 
H-ion  concentration,  which  is  of  fundamental  unportance,  and  the  in- 
fluence which  point  of  view  seems  to  have  exerted  in  the  collection  and 
interpretation  of  data  in  certain  instances.  Those  pieces  of  work  have 
been  selected  for  discussion  which  have  contributed  important  steps  to 
the  advance  of  our  knowledge  of  the  mechanism  of  autolysis  and 
atrophy. 

The  earliest  scientific  study  of  the  phenomenon  of  autolysis  was  that 
of  Salkowski  (6).  He  described  the  process  correctly  as  one  of  self- 
digestion  of  the  tissue  proteins  and  pointed  out  its  fundamental  identitj'' 
with  digestion  in  the  alimentary  tract.  It  is  doubtful  however  w^hether 
Salkowski  and  his  students  (7),  (8),  (9)  appreciated  the  importance  of 
this  phenomenon  in  its  relation  to  intermediary  metabolism.  It  ap- 
peared as  an  interesting  post-mortem  disintegration.  Salkowski  named 
the  process  "auto-digestion"  and  showed  it  in  liver,  spleen  and  other 
tissues  by  the  production  of  leucine  and  tyrosine,  which  could  be 
isolated  and  identified. 
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In  1900  Martin  Jacoby  (10)  published  his  classic  papers  on  autolysis 
and  its  relation  to  the  atrophic  disintegration  of  the  liver  in  phosphorus 
poisoning.  Later  a  third  paper  (11)  appeared  in  which  the  specific 
action  of  hver  protease  was  shown.  Jacoby  approached  the  problem  from 
the  angle  of  the  pathologist  and  was  therefore  struck  by  the  outstanding 
facts  that  a,  normal  liver  autolyzes,  producing  typical  end  products  of 
protein  cleavage;  b,  phosphorus-poisoned  livers  digest  more  rapidly 
and  more  completely  than  the  normal ;  c,  enzymes  may  be  liberated  into 
the  blood  stream  during  the  acute  atrophy  of  phosphorus  poisoning, 
which  digest  fibrinogen,  so  that  the  blood  may  not  clot  at  all,  or  if  it 
does  clot,  the  fibrinogen  speedily  liquefies  again;  d,  the  process  goes  on 
with  the  animal  and  tissue  still  alive,  and  must  therefore  be  of  much 
greater  import  than  as  a  post-mortem  phenomenon  only. 

Much  of  the  subsequent  detailed  work  in  this  field  was  anticipated  by 
Jacoby.  He  separated  the  enzymes  from  autolyzing  liver  bj''  precipita- 
tion with  ammonium  sulphate  and  showed  that  they  accelerated  the 
decomposition  of  a  normal  liver  mixture.  He  observed  that  the  residue 
after  prolonged  autolysis  consisted  of  nucleins,  connective  tissue  debris, 
and  a  soluble  albumin.  The  globulin  fraction  had  entirely  disappeared. 
The  amino-acids  do  not  accumulate  in  a  liver  with  circulation  intact, 
but  if  a  lobe  be  tied  off  for  several  hours  in  the  surviving  animal  they 
can  then  be  found.  Even  the  liver  of  the  phosphorus-poisoned  dog 
shows  no  amino-acid  accumulation  until  the  agonal  stage  is  reached, 
when  the  hepatic  circulation  is  much  depressed.  Although  phosphorus 
poisoning  of  the  liver  leads  to  its  rapid  disintegration  in  situ,  the  addi- 
tion of  phosphorus  to  a  liver  hash  does  not  alter  its  rate  of  autolysis. 
There  appears  to  be  a  certain  specificity  of  action  of  the  liver  enzymes, 
since  they  do  not  digest  lung  tissue.  On  the  oMier  hand,  if  proteoses 
and  pc^ptones  are  added  to  a  liver  hash,  these  are  digested  by  the  liver 
protea.so.s.  This  observation  evidently  anticipates  the  discovery  of 
erepsin  in  ti.ssues.  Jacoby  used  antiseptics  in  his  experiments,  particu- 
larly an  excess  of  toluol. 

Following  Jaooby's  publications,  the  field  of  autolysis  at  once 
attracted  investigators,  and  tlu;  next  two  decades  saw  an  enormous 
accumulation  of  data  concerning  this  mechanism. 

The  tcchniqui?  uwul  varied  with  different  investigators.  In  the  main 
it  coniiistcd  in  grinding  ti.sHues  line,  adding  water  and  an  antiseptic,  or 
attempting  to  carry  on  the  process  imder  aseptic  conditions.  An 
initial  sample  was  analyzed,  usually  by  coagulating  the  proteins  with  heat 
and  testing  the  filtraU;  for  total  nitrogen,  proteose',  |H>pt(>ne,  amino- 


AUTOLYSIS  AND  ATROPHY  417 

acids,  ammonia,  etc.  Or  precipitating  agents  were  used  to  remove 
protein,  such  as  tannic  acid,  colloidal  ferric  hydroxide,  trichloracetic 
acid,  etc.  This  was  an  improvement  since  the  hydrolysis  of  the  pro- 
teins during  heat  coagulation  must  always  introduce  some  uncertaintj' 
in  the  interpretation  of  the  results. 

Some  interesting  work  was  done  on  the  press-juice  of  tissues  rather 
than  the  comminuted  organ.  Results  obtained  on  such  material  how- 
ever cannot  be  taken  as  representing  the  autolytic  picture  in  the  whole 
tissue,  so  that  it  loses  some  of  its  value.  This  fact  is  clearly  seen  in 
the  results  of  Hedin  and  Rowland  (12)  on  muscle  press-juice.  This 
material  digests  about  as  well  in  alkaline  media  as  in  acid,  while  we  find 
that  whole  skeletal  muscle  behaves  like  other  tissues,  digesting  best 
in  acid  media,  and  being  inhibited  in  alkaline. 

The  results  obtained  under  aseptic  conditions,  rather  than  with  anti- 
septics present,  must  always  remain  open  to  the  suspicion  that  the 
digests  were  not  sterile.  Even  where  routine  cultures  were  found  nega- 
tive, it  does  not  by  any  means  prove  that  bacteria  were  not  present, 
as  was  shown  by  Wolbach,  Saiki  and  Jackson  (13),  (14).  These  au- 
thors found  evidence  that  bacteria  may  be  present  regularly  in  dog 
liver,  which  require  however  very  special  culture  media  to  grow  them 
outside  the  liver  tissue  itself.  Wherever  hydrogen  sulphide  is  noted 
as  a  product  of  autolysis,  or  where  the  liver  mass  turns  dark,  as  de- 
scribed by  Magnus-Levy  (15),  the  presence  of  bacteria  is  practicallj' 
certain.  Thus  a  considerable  number  of  papers  on  autolysis  must  be 
accepted  with  reservation  on  this  account. 

On  the  other  hand,  the  antiseptic  digest  must  be  equally  carefully 
scrutinized  since  antiseptics  may  alter  the  autolytic  rate  very  materially. 
Boric  and  salicylic  acids  unquestionably  accelerate  the  process  (16)  so 
that  the  autolysis  is  exaggerated  far  above  that  for  the  normal  tissue. 
Apparently  one  of  the  best  antiseptics  thus  far  described  is  toluol,  which 
does  not  alter  the  proteins  nor  destroy  the  enzyme,  nor  greatly  alter  the 
speed  of  the  reaction  in  either  sense,  but  which  is  sufficiently  active  as 
a  germicide  to  inhibit  bacterial  growth,  if  the  mass  is  kept  saturated 
with  it.  Jackson  (17)  found  that  toluol  decreased  autolysis  considerably 
but  his  control  digests  were  admittedly  infected  so  that  the  greater 
speed  of  the  aseptically  set  up  digests  is  to  be  attributed  to  the  action 
of  bacteria.  In  practice  it  is  found  that  shaking  a  digestion  bottle  with 
toluol,  present  to  the  extent  of  about  10  per  cent  by  volume,  every  few 
hours  for  the  first  twenty-four,  suffices  completely  to  destroy  or  inhibit 
bacterial  growth.  Such  a  digest  will  then  remain  for  years  in  the  ther- 
mostat without  the  slightest  evidence  of  putrefactive  change. 
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Autolj'siS  maj'  be  measured  by  the  amino-acids  produced,  or  by 
intermediate  cleavage  products.  The  two  fractions  represent  es- 
sentially different  phases  of  the  process.  As  a  criterion  of  total  auto- 
lysis, the  amino-acids  are  undoubtedly  the  best.  They  may  be  titrated 
directly  by  the  Sorensen  method  (18),  or  decomposed  by  the  Van  Slyke 
technique  (19),  or  they  may  be  estimated  indirectly  by  depression  of  the 
freezing  j)oint  (20)  and  by  conductivity  detemiinations  (21).  If  am- 
monia is  split  off  in  the  process,  it  will  be  titrated  as  amino-acid  by  the 
Sorensen  method,  of  course,  so  that  allowance  should  be  made  for 
ammonia  production  in  strictly  interpreting  amino-acid  titration  jfigures. 
The  products  of  primary  cleavage  are  precipitated  by  tannic  acid,  tri- 
chloracetic, or  phosphotungstic  acid  from  the  filtrate  from  heat  coagula- 
tion, and  the  total  nitrogen  determined.  Inasmuch  as  primary  protein 
cleavage  liberates  tyrosine-containing  peptides  which  will  react  with  the 
phenol  reagent  of  Folin  and  Denis  (22),  this  method  may  be  used  as  a 
colorimetric  estimation  of  initial  cleavage  (23). 

Anmionia  liberated  in  the  course  of  autolysis  can  easily  be  estimated 
by  the  aeration  technique,  Nesslerizing  the  distillate.  Some  of  the 
early  work  indicated  that  ammonia  was  split  off  in  extraordinary 
amounts  during  autolysis,  and  this  mistake  is  widely  quoted  in  the 
literature.  Where  unusual  ammonia  values  were  obtained,  putrefactive 
processes  were  prol)ably  going  on  (24).  Later  work  (25)  has  clearly 
shown  that  deaminization  of  the  amino-acids  does  not  take  place  to  any 
extent  in  the  in  vitro  experiments.  Ammonia  is  produced  slowly,  in- 
creasing over  a  long  period  of  time.  It  is  not  formed  from  amino-acids 
but  from  acid  amides  decomposable  by  hydrochloric  acid.  Dakin 
showed  that  if  the  total  acid  amide  in  kidney  digests  was  determined  by 
heating  with  strong  hydrochloric  acid,  autolysis  merely  increased  free 
ammonia  at  the  expense  of  the  acid-amide  fraction.  Deaminization  of 
amino-acidH  probably  requires  the  active  oxidative  reactions  of  living 
tissue.  While  the  deaminization  of  purine  bases  occurs  (20),  (27),  (28), 
the  amount  of  ammonia  derived  from  this  source  is  not  large. 

Results  of  earlier  work.  The  more  important  results  of  enrlicM'  work  in 
this  field,  weighed  critically  in  view  of  the  techni(iue  employed,  (>stab- 
litihcd  the  following  important  generalizations. 

/.  All  tissues  examined  (the  connective  tissue  group  is  not  included) 
will  autolyzo  to  a  greater  or  less  (ixtent  (29).  Tlie  cpitiiclial  tissues 
such  as  liver,  th>inus,  thyroid,  mammary,  salivary,  kidney  and  other 
gland  tissues,  hydrolyzo  most  rapi<lly  and  most  completely.  Muscle 
tissue  autolyzes  to  some  extent,  but  nuich  less  than  gland  t  issue.  Heart 
muscle  Htnnds  intermediate. 
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Vernon  (30)  showed  that  the  ereptic  activity  of  mammalian  tissues 
had  the  following  relations: 


TISSUE 

ACTIVITY  (mean) 

Kidney 

14.3 

Pancreas 

6.4 

Spleen ' 

7.6 

Liver 

5.0 

Cardiac  muscle      

1.59 

Skeletal  muscle  

0.77 

Brain 

1.24 

Gastric  mucosa 

3.9 

Duodenal  mucosa 

27.7 

Jejunal  mucosa 

18.2 

Ileal  mucosa 

14.4 

Large  intestinal  mucosa            

5.8 

While  this  table  gives  only  the  ereptic  values  it  nevertheless  shows  ap- 
proximately also  the  total  comparative  autolj^ses. 

2.  Tissues  like  the  liver,  kidney,  thymus,  etc.,  are  found  to  autolyze 
more  rapidly  in  the  presence  of  quite  a  variety  of  substances.  A  partial 
list  of  these  accelerators  includes  the  sulphate,  oxalate  and  chloride  of 
iron,  the  chloride,  sulphate,  acetate  and  lactate  of  manganese,  gold  and 
platinum  chlorides,  aluminium  sulphate  and  chloride,  cobalt  chloride 
and  nitrate,  lead  acetate  and  nitrate  (31),  (32),  (33),  (34),  (35).  The 
following  compounds  of  arsenic  have  been  reported  as  accelerating  the 
reaction  when  present  in  minute  amounts:  AS2O3,  NaoHAsOa,  K2HASO3, 
CaHAsOa,  Na3As04,  K3ASO4,  AsCls,  AsBrs,  Asia  Aa^Sa  and  several  others 
(36).  In  general  all  of  the  acids  which  do  not  precipitate  the  proteins 
are  found  to  accelerate  the  reaction,  even  including  such  very  weak 
acids  as  boric,  salicylic,  benzoic,  carbonic  acid  and  hydrogen  sulphide 
(39),  (40),  (41),  (42),  (43),  (44),  (45).  Iodine  and  bromine  in  small 
amounts  accelerate  autolysis,  while  chlorine  has  not  been  tried  (46),  (47) 
(48).  A  large  number  of  inorganic  hydrosols  are  reported  as  accelerators 
by  AscoH  and  Izar  (49),  (50),  (51),  (52),  (53),  (54).  They  include 
colloidal  Ag,  Pt,  Au,  Hg,  Pb,  Fe,  Cu,  Pd,  Ir,  Fe(0H)3,  MnOo,  AleOuHio, 
AS2S3  and  SboSs.  Silver  nitrate  and  lactate,  and  mercury  salts  in 
very  small  amounts,  are  also  found  to  increase  autolysis  (37),  (38). 

It  is  clear  that  the  majority  of  the  substances  reported  are  either 
acids  or  hydrolyze  in  water  to  form  acids.  The  other  groups  of  accelera- 
ting substances  must  depend  on  some  other  factor,  less  obvious,  for  their 
accelerating  effect. 
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5.  Tissue  autolysis  may  be  definitely  prevented  or  inhibited  by 
NaHCOs,  NaOH,  CaCOa,  ZnO,  MgO  and  other  basic  compounds  which 
either  make  the  brei  alkaline  or  keep  it  neutral  (55),  (56),  (57),  (58),  (59) , 
(60), (61)  Other  inhibitory  agents  are  the  ions  of  some  of  the  heavy 
metals  at  considerable  concentrations  which  may  combine  with  and 
precipitate  the  proteins  and  also  probablj'' the  enzymes;  arsenious  oxide 
in  considerable  amount,  and  formaldehyde  (62).  Alcohol  at  fairly 
high  concentrations  inhibits,  but  autolysis  may  continue  slowly  in  sur- 
prisingly high  percentages  as  was  shown  by  Wells  (63), 

Jt.  Some  foreign  proteins  introduced  into  a  liver  brei  are  digested 
(64),  (65),  (66),  (67),  (68),  (69)  Gelatin,  proteose  and  peptone  are  di- 
gested rapidly,  casein  somewhat  less  readily.  While  some  other  foreign 
proteins  digest,  the  evidence  is  far  from  complete  in  establishing  the 
availability  of  foreign  proteins  in  general  for  hydrolysis  in  autolyzing 
tissue  mixtures,  and  no  very  definite  conclusions  are  warranted  on  the 
subject  of  specificity.  Some  protein  preparations  definitely  inhibit 
autolysis  as  for  example  blood  serum  and  egg  albumin  (70),  (71),  (72), 
(73),  (74) 

In  brief,  the  speed  of  the  autolysis  and  its  extent  are  profoundly 
influenced  by  the  reaction  of  the  tissue  mixture.  If  the  tissue  is  made 
alkaline  or  kept  neutral,  there  is  practically  no  evidence  of  autolysis,  or 
it  is  at  best  an  exceedingly  small  figure.  If  the  tissue  mixture  is  made 
acid,  both  the  rate  and  the  extent  of  autolysis  are  increased,  as  measured 
by  amino-acids  produced.  It  is  certain  that  most  of  the  substances 
studied  which  do  accelerate  autolysis,  do  so  by  virtue  of  their  acidity. 
The  increase  in  rate  and  the  extent  bear  a  rough  proportionality  at 
least  to  the  amount  of  acid  added,  till  an  optimum  concentration  is 
attained  This  optimum  is  difTeront  for  different  acids,  which  indicates 
either  that  the  H-ion  influences  the  rate  of  autolysis  or  the  negative 
ions  have  characteristic  effects.  At  this  reaction  over  90  per  cent  of  the 
liver  proteins  and  those  of  other  gland  tissues  appear  as  cleavage  prod- 
ucts. The  insoluble  residue  is  mainly  connective  tissue  stroma.  In  the 
case  of  muscle  the  per  cent  of  the  total  autolyzod  is  much  loss.  The 
amino-acid  curves  of  autolyzing  acidified  tissue  arc  uppanuilly  identical 
with  curves  produced  by  adding  some  outside  substratum,  like  gelatin 
or  peptone. 

Applying  these  generalizations  to  the  problem  of  atrophy  we  may  con- 
clude that  anything  which  tends  to  increase  the  acidity  of  a  tissue  in 
vivo  will  result  in  autolysis  just  as  it  docs  in  vitro.  Anytliiiig  which 
maintains  a  tiMue  at  its  normal  faintly  alkaline  reaction  will  pr(>v(>nt 
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autolysis.  When  a  tissue  is  alive  and  in  place  it  does  not  atrophy  un- 
less it  is  injured  directly,  as  by  trauma,  pressure,  poisons,  etc.,  or  unless 
its  blood  supply  is  interfered  with.  In  all  such  cases  the  normal  metab- 
olism is  deranged,  acidity  develops,  and  atrophy  results.  Normal 
tissue  has  the  same  H-ion  concentration  as  the  blood,  or  pH  =  7.4  ±. 
As  long  as  this  is  maintained  there  is  no  evidence  that  autolysis  can  go 
on,  either  in  vitro  or  in  vivo. 

H-ion  changes.  When  a  normal  tissue  is  removed  and  examined  at 
once  it  is  found  to  be  neutral  or  faintly  alkaline  to  litmus.  On  standing 
it  grows  acid.  Morse  (75)  studied  the  H-ion  changes  post  mortem 
by  the  indicator  method  and  found  fairly  rapid  rise  of  the  H-ion  from 
about  pH  7  to  6,  which  it  approximates  in  5  days  and  then  remains 
constant.  This  reaction  has  been  more  exactly  investigated  by  Dernby 
and  also  in  this  laboratory  by  the  potentiometer  method  (76),  (77). 
While  it  has  not  been  possible  to  make  determinations  at  the  instant  of 
removal,  we  have  found  soon  after  death  a  reaction  of  pH  =  7  ± . 
Acidity  develops  rapidly  and  within  24  hours  the  H-ion  of  the  mixture 
reaches  the  level  of  pH  =  6.5  =t .  For  the  next  ten  days  the  reaction 
drifts  slowly  back  toward  the  neutral  point  as  autolysis  proceeds,  usually 
reaching  a  level  of  pH  6.6  to  6.8.  This  may  be  referred  to  the  gradual 
buffering  of  the  acid  by  peptides  and  amino-acids,  neutralization  by 
ammonia,  or  to  some  other  factor.  After  ten  days  the  reaction  slowly 
grows  more  acid  again  so  that  in  twenty  days  it  usually  reaches  a  level 
of  pH  =  6.5  ± . 

The  rise  in  the  H-ion  concentration  is  explained  by  the  production 
of  organic  acids  such  as  lactic  incident  to  the  dying  of  the  tissue  and 
post-mortem  changes.  While  considerable  work  ha^  been  done  to 
determine  the  amount  of  acids  produced  and  their  variety,  this  phase  of 
the  autolytic  machinery  is  still  in  need  of  further  investigation.  Lactic 
acid  has  been  described  and  isolated  by  a  number  of  workers,  and  it 
has  been  shown  that  leucocytes  and  tissues  can  form  it  from  the  hexoses 
in  small  amounts  (78\  (79),  (80),  (81),  (82),  (83),  (84),  (85),  (86). 
It  appears  from  H-ion  measurements  which  we  have  made  that  added 
glucose  has  little  measurable  effect  on  the  H-ion  changes  nor  does 
glucose  appear  to  alter  the  autolytic  rate.  Another  source  of  acids  is 
the  fat  of  the  tissue,  and  in  the  liver  this  is  often  considerable.  We 
have  found  that  such  fats  as  cottonseed  oil,  cod-liver  oil,  olive  oil,  etc., 
lead  to  an  increase  of  the  H-ion  concentration  of  an  autolyzing  liver 
brei  to  which  they  are  added,  and  as  they  hydrolyze  the  fatty  acids 
compete  with  the  tissue  proteins  for  the  basic  ions.     The  net  result  is 
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that  digestible  fats  in  a  liver  brei  increase  its  autolysis.  Post-mortem 
development  of  carbon  dioxide  plays  a  part  in  the  rise  of  acidity,  but 
so  small  as  to  be  almost  negligible.  It  does  however  largely  increaes 
the  rate  and  extent  of  autolj^sis  if  added  in  sufficient  amount. 

The  significance  of  the  slow  drift  toward  neutrality  during  the  first  ten 
days  followed  bj''  an  equally  slow  drift  in  the  acid  direction  during  sub- 
sequent periods  is  not  understood.  It  is  probably  of  no  importance  in 
actual  atrophy  where  diffusible  material  is  carried  away.  The  initial 
acid  production  is  in  any  event  the  determining  factor  in  the  extent 
of  autolysis,  and  in  those  tissues  where  much  acid  develops  autolysis 
is  correspondingly  large. 

Two  factors  must  be  distinguished  in  the  increase  of  autolysis  by 
acid.  One  is  the  total  acid  present,  and  the  other  is  the  H-ion  concentra- 
tion. Both  effect  the  reaction  but  in  different  ways.  The  enzjine 
effecting  the  primary  cleavage  of  the  tissue  proteins  ('*Beta  protease"  of 
Hedin  (87),  the  "endotrypsin"  of  Hahn  (88),  and  the  "pepsin"  of 
Dernby  (89)),  is  active  only  within  certain  H-ion  limits  and  it  has  an 
optimum  environment  at  which  it  catalyzes  hydrolysis  most  rapidly. 
In  the  case  of  liver  (pig)  we  have  found  the  optimum  reaction  about 
pH  =  4.5  ± .  This  enz>Tne  is  probably  quite  inactive  at  pH  =  2.6. 
These  figures  agree  fairly  well  also  with  those  reported  by  Dernby. 
As  the  H-ion  concentration  rises  therefore,  after  removal  of  the  tissue, 
the  primary  protease  becomes  more  active,  up  to  the  optimum.  At 
the  same  time  the  amount  of  acid  developed  in  or  added  to  a  digest 
will  determine  the  amount  of  amino-acids  ultimately  produced  by  deter- 
mining the  mass  of  substratum,  and  this  will  exert  a  mass  effect  in 
increasing  the  rate  of  amino-acid  production  up  to  the  point  where  the 
enzjTne  is  saturated  with  substratum.  As  acid  is  added  to  a  digestive 
mixture,  both  factors  arc  operative  and  it  is  difficult  to  differentiate  the 
effect  of  one  from  the  other.  It  can  be  done  however  experimentally 
by  introducing  equivalent  amounts  of  acids  of  different  dissociation 
constants.  Thus  in  two  digests  to  which  the  equivalent  amounts  of 
hytlrochloric  and  acetic  acids  are  added,  we  find  mucli  more  rapid 
ainino-acid  production  going  on  in  the  hy(h()chl()ric  acid  mixture. 
It  has  a  higher  H-ion  level  than  the  one  with  acetic  acid  present.  In 
the  courHC  of  t(?n  days  Iiowever  the  two  digests  have  approximated 
oquilibriuni  at  the  same  level.  The  higher  H-ion  given  by  the  mineral 
acid  pnxluceH  more  rapid  catalysiH  of  the  Hubstnitmn  available,  but  this 
miuw  JH  about  the  same  in  both  digests,  and  this  determines  th(»  (innl 
ainino-otrid  production  when  ('(juilibrium  is  attained. 
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In  vivo  the  acids  normal  to  metabolism  are  all  such  as  to  give  relativeh'' 
low  H-ion  concentrations.  They  are  carbonic,  lactic,  butyric,  with 
some  sulphuric  and  phosphoric  from  the  combustion  of  proteins  and 
lipoids,  and  possibly  other  weak  organic  acids.  Such  acids  would 
suffice  to  increase  the  mass  of  substratum,  but  the  rate  of  its  hydrolysis 
would  not  be  very  rapid.  Under  certain  pathological  intoxications 
mineral  acids  are  produced  in  considerable  amount,  and  in  these  in- 
stances autolysis  is  found  to  be  both  rapid  and  extensive. 

The  addition  of  acid  quite  evidently  increases  the  mass  of  substratum 
for  autolysis  considered  as  a  whole.  This  substratum  we  believe  to  be 
the  acid-protein  produced  by  the  addition  of  acid  to  the  base-protein 
salts  of  the  normal  tissue.  This  explanation  seems  all  the  more  plausible 
when  curves  of  autolyzing  liver  to  which  acid  or  gelatin  are  added, 
are  compared.  In  both  cases  rate  and  amount  of  amino-acids  produced 
increases  in  such  a  similar  way  that  we  are  convinced  the  effect  is 
actually  the  same: — the  effect  of  increased  mass  of  substratum. 

The  effect  of  colloids.  There  is  one  series  of  observations  that  cannot 
be  covered  by  this  explanation.  The  extensive  contributions  of  Ascoli, 
Izar  and  their  co-workers  (90)  demand  some  special  consideration,  both 
because  of  the  very  large  amount  of  data  presented  and  because  of  its 
possible  effect  on  the  understanding  of  the  subject  as  a  whole.  The 
first  of  a  series  of  papers  on  the  effect  of  colloidal  sols  on  the  autolji:ic 
reaction  appeared  in  1906.  In  this  paper  the  metallic  colloids  of  silver, 
gold  and  platinum  were  reported  as  increasing  autolysis  in  a  striking 
fashion.  The  three  behaved  alike  qualitatively  and  almost  quantita- 
tively. The  authors  conclude  that  these  metallic  colloids  catalyze  the 
autolytic  hydrolysis  just  as  they  catalyze  the  decomposition  of  hydrogen 
peroxide.  These  results  seem  to  offer  a  reasonable  explanation  for  the 
increased  nitrogen  catabolism  resulting  from  injections  of  such  metallic 
hydrosols  (92),  (93),  (94),  and  silver  salts  (91). 

In  subsequent  papers  the  same  observation  is  extended  to  include  the 
list  of  colloids  previously  enumerated  The  sols  were  stabilized  with 
an  amount  of  gelatin  too  small  to  produce  a  measurable  effect  on  the 
amino-acid  figures  through  its  own  digestion.  They  all  increased  auto- 
lysis from  50  to  100  per  cent  or  even  more.  The  inspiration  of  Bredig's 
classical  work  on  the  Anorganische  Fermente  (95)  is  unmistakable 
throughout  the  series,  even  to  the  confirmation  of  the  ''toxic"  effect  on 
these  catalysts  of  such  substances  as  phosphoric  acid,  mercuric  cyanide, 
etc.  It  is  difficult  to  escape  the  impression  that  much  of  this  work  was 
conducted  with  a  definite  mental  bias  which  inevitably  influenced  the 

PHYSIOLOGICAL  REVIEWS,  VOL.  II,   NO.  3 


424  H.    C.    BRADLEY 

collection  of  data  This  impression  is  intensified  by  analysis  of  the 
data  in  the  papers.  For  example,  the  addition  of  hydrochloric  and 
phosphoric  acid  in  amounts  which  regularly  increase  autolysis  in  the 
hands  of  other  investigators  failed  to  accelerate  the  process.  This  is 
entirely  contrarj-^  to  all  the  evidence  of  autolysis  before  or  since.  Fur- 
thermore we  have  repeated  many  of  the  typical  experiments  described, 
and  are  unable  to  confirm  the  results  (96).  It  is  true  that  certain  col- 
loidal preparations  increase  autolysis.  In  all  cases  which  we  have 
studied,  the  effect  is  due  to  acid,  however.  Commercial  colloidal  ferric 
hydroxide  contains  much  ferric  chloride  which  hydrolyzes  to  hydro- 
chloric acid  and  produces  a  typical  acid  increase  of  autolysis  When 
however  this  hydrosol  is  dialyzed  for  long  periods  until  no  further 
chloride  can  be  removed,  it  is  completely  inert.  AS2S3  and  813283  both 
accelerate  autolysis,  not  because  they  are  colloidal,  however,  but  be- 
cause in  water  they  slowly  decompose  and  give  up  HoS,  which  accel- 
erates autolysis.  8ols  of  gold,  platinum  and  silver  have  been  prepared 
by  the  Bredig  method  of  arcing  under  pure  water,  and  by  reducing 
reactions.  But  in  no  case  have  we  observed  the  slightest  effect  on 
autolysis  if  all  traces  of  acids  are  removed.  We  have  reluctantly  come 
to  the  conclusion  that  much  of  this  voluminous  contribution  to  the 
literature  of  autolysis  is  unreliable  and  so  largely  incorrect  that  it  must 
be  disregarded  until  it  has  been  reinvestigated  in  toto.  In  later  papers 
Izar  and  Truffi  (97),  (98)  report  that  minute  additions  of  silver  and 
mercury  salts  will  greatly  increase  autolysis.  These  results  we  have 
also  repeated  but  are  unable  to  confirm  the  observation 

The  autolytic  enzymes.  Jacoby  described  an  enzyme  of  the  liver  as 
erepein-like,  since  it  would  digest  proteoses  and  peptones  of  autolyzing 
lung,  but  would  not  attack  the  lung  tissue;  proper  (99)  Jacoby  isolated 
the  proteolytic  enzymes  of  liver  also  by  precipitating  with  ammonium 
sulphate.     He  Ix^lieved  them  to  be  quite  specific 

Hedin  (100)  separated  two  enzymes  from  the  spleen — "alpha  pro- 
tease" which  digestfl  in  alkaline  mecHa,  and  "beta  protease,"  digesting 
in  acid  media  Buchner  and  Ilahn  dcvscrilwd  an  "endotrypsin"  which 
they  obtaitied  in  the  autolysis  of  yeast,  resembling  trypsin  in  its  ability 
to  carr>'  protein  cleavage  to  amino-acids,  but  differing  from  it  in  acting 
bcMt  in  un  acid  mediuni  (101) 

Of  the  recent  pa|M>rH  Ixmring  on  this  question,  the  two  l)y  Karl 
Demby  (102)  iuid()iibt<'(lly  an*  of  first  importance  For  the  first  time 
the  control  of  th(!  ll-ion  concentration  wius  jK'rfect^'d  in  this  investiga- 
tion     In  the  first  paper  Dernby  presents  the  data  obtained  in  a  study  of 
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the  autolyzing  enzymes  of  yeast.  It  confirms  the  earher  suggestions  of 
Hahn,  Hedin  and  others,  that  there  is  present  in  yeast  an  enzjuie 
which  hydrolyzes  the  native  protein  to  the  peptone  stage,  actyig  best 
at  about  pH  4.5,  a  trypsin-Hke  enzyme  producing  amino-acids  from 
casein,  gelatin  and  peptides  and  most  active  in  a  reaction  of  7.0,  and 
an  ereptic-Hke  enzyme,  producing  amino-acids  from  the  peptides  at  a 
pH  of  7.8,  and  having  the  specific  property  of  the  erepsin  of  the  intes- 
tinal mucosa  of  splitting  glycyl-glycine 

The  optimal  reaction  for  total  autolysis  is  about  pH  6.0,  or  slightly 
on  the  acid  side  of  neutrality  At  this  point,  as  Dernby  shows,  the 
simultaneous  action  of  the  three  enzymes  is  possible  At  a  higher 
acidity  peptic  hydrolysis  proceeds,  but  the  tryptic  and  ereptic  action 
is  inhibited,  while  at  about  the  neutral  point  the  peptic  action  is  arrested 
and  the  tryptic  and  ereptic  cease  for  lack  of  substratum  as  soon  as  the 
preformed  peptides  are  hydrolyzed  The  enzymes  are  studied  in  great 
detail,  the  effect  of  various  added  ions  determined,  the  kinetics  of  the 
ereptic  activity  evaluated,  and  a  mass  of  accurate  data  of  the  greatest 
value  secured 

In  Dernby's  second  paper  a  similar  study  of  tissue  autolysis  is  made, 
and  the  results  are  interpreted  in  a  similar  way  There  seems  however 
valid  reason  for  questioning  the  interpretation.  In  effect  the  article 
describes  the  autolytic  process  as  catalyzed  by  the  three  typical  digestive 
enzjTiies  pepsin,  trypsin  and  erepsin  Two  of  these  names  carry  a  very 
definite  implication  in  regard  to  their  properties  They  have  applied 
for  decades  to  the  enzymes  of  the  digestive  tract,  their  optimal  H-ion 
has  been  exactly  measured,  their  products  determined  and  the  substrata 
on  which  they  act.  It  is  quite  clear  from  Dernby's  own  results,  and 
from  our  own  (103),  that  the  resemblances  are  not  very  close  except 
in  the  case  of  erepsin  and  it  is  believed  that  the  use  of  these  historic 
names  in  this  connection  can  only  lead  to  confusion  of  ideas.  It  is  not 
our  intention  to  quibble  over  names,  but  in  this  case  the  application  of 
the  terms  pepsin  and  trypsin,  whose  definition  is  clear  from  the  research 
of  decades,  to  enzymes  which  do  not  closely  resemble  in  several  impor- 
tant respects  the  originals,  is  questionable 

The  enzyme  in  liver  which  Dernby  calls  "pepsin"  resembles  gastric 
pepsin  in  facilitating  the  primary  cleavage  of  the  native  tissue  proteins 
made  sufficiently  acid.  It  probably  does  not  produce  free  amino-acids 
in  this  cleavage  any  more  rapidly  than  does  gastric  pepsin  On  the 
other  hand,  the  liver  enzyme  has  an  optimal  H-ion  concentration  of 
pH  4  5  while  pepsin  acts  best  at  pH  1.5  ± .     The  liver  enzjTiie  is  com- 
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plet^ly  destroyed  before  this  latter  H-ion  level  is  reached.  This  con- 
stitutes a  ven-  obvious  and  probably  fundamental  difference  It  can 
hardly, be  associated  with  the  precipitation  of  some  protein  fraction  of 
liver  tissue  and  the  consequent  removal  of  the  enzpne  by  adsorption 
in  this  accidental  way,  since  pepsin  added  to  a  liver  brei  is  not  so  de- 
stroyed but  acts  at  its  highest  speed  Pepsin  is  further  characterized 
by  the  very  wide  variety  of  native  proteins  which  it  will  hydrolyze  under 
proper  acidity.  From  some  of  our  own  unpublished  experiments  the 
primary  protease  of  the  tissues  is  more  specific.  Further  work  however 
is  necessarj'  before  definite  conclusions  can  be  drawn  in  this  particular. 
The  apparent  "activation"  of  this  enzyme  by  acids  may  be  due  to  the 
higher  H-ion  level,  or.  it  may  be  referable  to  the  development  of  sub- 
stratum in  the  tissue  at  an  H-ion  concentration  above  pH  7.0  or  it  may 
be  and  probably  is  due  to  both.  It  is  clear  at  least  that  the  base-pro- 
tein salts  which  exist  in  the  living  tissue  are  not  attacked  by  this  enzjane, 
and  the  tissue  as  a  whole  therefore  does  not  undergo  autolysis.  When 
acid  is  added,  however,  this  is  converted  into  free  protein  or  acid-pro- 
tein. At  the  same  time  the  H-ion  rises  and  the  activity  of  the  protease 
increases.  Digestion  of  the  acid-proteins  proceeds,  with  primary 
cleavage  producing  peptides  of  a  character  which  may  then  be  further 
digested  by  the  second  enzyme  complex,  or  erepsin.  Autolysis  as  a 
whole  is  thus  found  to  be  roughly  proportional  to  the  acid  added,  and 
to  the  H-ion  level  also. 

If  the  initial  cleavage  depended  solely  on  the  increasing  activity  of 
the  primary  protease  in  acid  solutions,  then  it  would  appear  that  at  a 
slight  increase  of  H-ion  level  above  pH  7  digestion  of  the  tissues  should 
be  slow,  but  complete  in  time.  This  however  is  not  the  case.  With 
each  increment  of  acid,  the  total  autolysis  increases  by  a  similar  incre- 
ment. The  reaction  goes  rapidly  at  first  and  later  reaches  equilibrium. 
Elquilibrium  appears  to  Ix)  very  definitely  determined  by  the  lunount  of 
substratum  avaihible,  and  this  amount  appears  determined  by  the  in- 
crement of  acid.  More  or  less  of  the  tissue  is  digested,  therefore,  as 
more  or  less  of  it  Ixicomes  dissociated  by  acids  stronger  than  the  proteins 
themselves. 

The  argimient  for  the  application  of  the  name  "trypsin"  to  one  of  the 
proteases  found  in  liver  or  kidney  is  still  less  justifiable.  Trypsin  acts 
best  between  pH  7  and  8.  It  digeHtH  most  of  the  native  proteins  and 
produce's  Hinino-ncidK  as  the  end  pro(Uicts.  ('{)ini)lete  cleavage  pro- 
ceeds so  rapidly  that  iUi'.rv,  is  little  accunuilution  of  proteose  or  p(»ptone 
fractions  in  a  typical  tryptic  digest.     In  the  liver  and  kidney  wc  find 
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no  enzyme  which  answers  this  description.  The  native  tissue  proteins 
appear  undigested  at  pH  7  after  months,  and  the  amino-acid  production 
is  neghgible.  This  is  not  due  to  any  resistance  of  these  tissue  proteins 
to  tryptic  digestion  at  this  H-ion  level,  for  if  trypsin  be  added  to  such 
a  liver  brei  digestion  goes  on  rapidly  and  completely,  with  the  exception 
of  the  connective  tissue  residue.  There  seems  to  be  no  evidence  there- 
fore of  a  tryptic  enzyme  in  the  tissues  which  corresponds  to  the  trypsin 
of  the  pancreatic  juice  and  gland. 

Erepsin,  or  the  ereptases,  on  the  other  hand  are  widely  distributed 
(104),  (105),  (106),  (107).  They  are  characterized  by  their  inability 
to  cleave  the  native  proteins,  casein  excepted,  but  act  upon  the  poly- 
peptides, converting  them  into  amino-acids.  According  to  Abderhalden 
(108),  there  is  an  optimum  H-ion  concentration  for  the  cleavage  of 
each  peptide,  but  the  average  is  in  the  neighborhood  of  pH  7.8.  Dernby 
has  shown  by  the  splitting  of  glycyl-glycine  that  a  true  erepsin  exists 
in  yeast  and  in  such  animal  tissues  as  he  examined.  While  it  differs 
from  the  intestinal  enzyme  in  its  sensitiveness  to  various  foreign  ions, 
there  seems  to  be  no  good  reason  for  classifying  it  in  a  separate  category. 

While  the  tissue  erepsin  acts  best  at  about  pH  7.8,  it  is  still  active 
in  as  acid  a  medium  as  pH  3  — .  This  is  shown  by  adding  a  little  pepsin 
to  a  liver  digest  made  up  to  this  H-ion  level.  Autolysis  alone  is  com- 
pletely inhibited  at  this  acidity.  Pepsin  however  effects  the  initial 
cleavage,  and  the  erepsin  present  carries  on  the  hydrolysis  to  the  amino- 
acids  rapidly.  If  the  H-ion  be  raised  to  pH  1.2—  the  liver  ereptase  is 
completely  inhibited,  although  the  pepsin  is  very  active.  The  amino- 
acids  appear  only  at  the  very  slow  rate  characteristic  of  the  action  of 
pepsin  alone.  In  the  living  tissue  the  activity  of  erepsin  is  evidently 
conditioned  by  the  production  of  primary  cleavage  products.  These 
in  turn  are  conditioned  by  the  development  of  acidity  within  the  cell. 
So  long  as  the  buffer  mechanism  within  the  cell  maintains  its  normal 
reaction  autolysis  is  completely  in  abeyance. 

To  summarize,  we  find  that  the  enzjTue  mechanism  of  autolysis 
comprises  at  least  two  groups  of  proteolytic  enzymes.  One  acts  only 
in  acid  media  and  converts  the  acid  tissue  proteins  into  primary  cleavage 
products.  It  is  active  between  pH  7—  and  2.6  —  ,  and  its  optimum  is 
about  4.5.  The  second  attacks  only  the  primary  cleavage  products  of 
the  proteins,  producing  the  amino-acids.  It  is  active  between  pH  8— 
and  3,  and  seems  to  be  identical  with  the  erepsin  of  the  intestinal  tract. 

The  mechanism  of.  atrophy.  From  the  data  presented  above  we  may 
form  what  is  probably  a  fairly  accurate  hypothesis  for  relating  autolysis 
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to  the  various  normal  and  pathological  atrophies.  The  normal  tissue 
cell  is  maintained  at  the  reaction  of  the  blood,  or  pH  7.4.  So  long  as  its 
metabolic  processes  remain  in  equilibrium  \\ith  its  blood  and  lymph 
supply  there  is  no  accumulation  of  carbon  dioxide,  sulphuric  acid, 
phosphoric  acid  or  acids  of  intermediary  metabolism.  Keutralization 
of  these  acids,  further  oxidation  of  some  of  them,  diffusion  out  of  acid 
ions  and  diffusion  in  of  basic  ions  goes  on  at  such  rates  that  the  resultant 
reaction  remains  a  constant. 

Under  these  conditions  the  cell  proteins  are  in  the  form  of  base- 
protein  salts  (109).  The  primary  protease  is  inactive,  the  ereptase 
active  but  inoperative,  and  the  amino-acids  present  in  the  cell  are  in 
equilibrium  with  the  proteins  and  in  diffusion  equilibrium  with  the 
amino-acids  of  the  blood.  Any  prolonged  increase  of  metabolism  within 
the  cell  without  compensatory  increase  of  the  circulation  about  it 
would  lead  to  an  acidotic  shift  within  the  cell.  Such  shift,  resulting 
from  excessive  acid  production,  leads  to  a  rise  in  the  H-ion  and  a  change 
fronj  base-  to  acid-protein.  Primary  cleavage  results  and  the  products 
are  further  disintegrated  by  the  ereptase.  The  excess  amino-acids 
diffuse  out  into  the  blood  and  lymph  until  an  equilibrium  is  again 
attained.  The  net  result  of  these  steps  is  a  cell  of  decreased  mass  and 
presumably  of  decreased  metabolism,  and  the  decrease  continues  until 
accurate  adjustment  between  the  cell  and  its  blood  supply  is  reestab- 
lished. Any  increase  in  acid  production  in  cell  or  tissue  beyond  the 
capacity  of  the  buffer  mechanism  to  immediately  dispose  of  must 
automatically  tend  to  atrophic  changes  of  mass. 

We  may  apply  this  conception  to  a  number  of  typical  atrophies  rep- 
resenting l)oth  nonnal  and  pathological  conditions.  The  interpreta- 
tions here  offered  are  not  all  of  them  definitely  proven.  They  represent 
however  the  field  in  which  many  of  the  future  problems  of  autolysis  must 
be  worked  out,  and  are  therefore  presented  as  tentative  interpretations 
subject  to  change  with  new  data. 

/.  The  liver  is  particularly  liable  to  intoxications  and  atrophic 
changoH.  Phosphonw  poisoning  Icsads  to  an  acute  atrophy  in  the  couree 
of  which  the  entire  liver  is  apparently  destroyed  and  autolyztul.  Phos- 
phorufi  accumulates  in  the  liver  probably  in  the  lipoid  phns(^  in  which 
it  in  freely  Kolublo.  Like  all  strong  reducing  agents  it  produces  as- 
phyxial  conditionxin  the  cell  wiiicli  lend  toacid  development.  In  addition 
phoHphoric  acid  is  probably  producc'd  in  the  oxitlation  of  the  phosphorus. 
While  f)hofiphoru8  added  to  :i  .stopiMTcd  liver  digest  does  not  increase 
autolyMix,  an  Jacoby  showed,  it  can  be  nui<ie  to  do  so  by  passing  a  sti-eam 
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of  air  through  the  mixture.     In  any  event  the  liver  cells  become  markedly 
acidotic,  die,  and  autolyze  rapidly  and  completely. 

2.  In  phosgene  poisoning  the  alveolar  lining  of  the  lungs  swells, 
disintegrates,  sloughs  off,  and  in  general  gives  every  indication  of  rapid 
and  complete  autolysis.  Phosgene  is  a  gas  which  is  soluble  in  both 
lipoids  and  water.  In  the  latter  it  is  rapidly  hydrolyzed  thus: — 
COCI2  +  H2O  =  2  HCl  +  CO2.  The  gas  penetrates  the  alveolar  cells 
almost  instantly  and  is  as  rapidly  converted  into  hydrochloric  acid. 
The  cells  die  and  begin  autolyzing  at  exceptional  speed  on  account  of 
the  high  acidity  developed  within  them.  Chlorpicrin  and  other  as- 
phyxiating war  gases  owe  their  toxicity  to  this  mechanism. 

3.  "Mustard  gas"  is  perhaps  the  most  striking  example  of  a  poison 
depending  for  its  action  on  penetration  followed  by  acid  production. 
Dichlorethylsulphide  is  soluble  in  lipoids  and  fat  solvents;  it  volatilizes 
slowly,  is  only  slightly  soluble  in  water,  and  hydrolyzes  as  follows: 
(C2H4Cl)oS  +  2H2O  =  2  HCl  +  (C2H,OH)2S.  Marshall  and  his  co- 
workers (110),  (111),  (112)  have  shown  that  "mustard"  penetrates  the 
skin  by  virtue  of  its  organo-solubilities.  Penetration  is  very  rapid  to  the 
active  dermal  cells  where  the  material  concentrates  in  both  the  water 
and  lipoid  phases.  Hydrolysis  goes  on  slowly  so  that  some  hours  after 
contact  the  developing  hydrochloric  acid  starts  the  autolytic  mechanism 
and  eventually  kills  the  cell.  The  rapid  blistering  and  necrosis  after  the 
process  first  becomes  evident  is  an  expression  of  the  speed  with  which  the 
autolysis  goes  on  under  these  conditions  of  excessive  development  of  a 
strong  acid  within  the  cells  themselves.  In  severe  burns  the  whole 
area  may  digest  and  slough  off,  producing  a  lesion  of  marked  chronicity. 

The  hydrolysis  of  "mustard"  within  the  cell  was  definitely  demon- 
strated by  Lillie,  Clowes  and  Chambers  (113),  who  found  that  starfish 
eggs  in  water  containing  freshly  dissolved  gas  absorbed  some  of  it,  and 
after  a  latent  period  during  which  development  was  normal,  underwent 
necrotic  changes  and  died.  The  products  of  "mustard"  hydrolysis 
however  had  no  effect  on  the  developing  eggs  since  they  did  not  penetrate 
them.  If  the  material  was  injected  by  micro-pipette  into  the  cell  there 
followed  a  similar  latent  period  and  then  rapid  degeneration.  An 
equivalent  amount  of  hydrochloric  acid  injected  produced  the  necrotic 
changes  of  a  similar  grade  at  once. 

In  a  further  study  of  derivatives  of  "mustard"  Marshall  and  Williams 
(114)  found  that  those  derivatives  which  had  solubilities  similar  to 
''mustard,"  and  on  hydrolysis  produced  acids,  were  also  the  derivatives 
which  were  effective  in  producing  skin  burns. 
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4.  The  liver  is  subject  to  injury  bj''  toxins  of  biological  origin  (115), 
(116),  (117),  (118).  Thus  the  injection  of  hemagglutinins,  tetanus 
and  diptheria  toxins,  streptococci  and  their  decomposition  products, 
has  been  found  to  injure  the  liver  and  lead  to  necrotic  changes  suggestive 
of  some  clinical  conditions  such  as  the  liver  in  eclampsia  or  acute  yellow 
atrophy.  Jackson  and  Pearce  studied  the  autolytic  mechanism  induced 
by  injections  of  hemagglutinins.  In  certain  cases  the  animals  died 
early  with  the  liver  intensely  congested  and  the  capillaries  plugged  with 
thrombi  of  fused  red  cells.  The  animals  which  survived  the  inunediate 
effects  of  the  injection  showed  either  a  diffuse  degeneration  of  the  liver, 
or  an  organ  dotted  with  focal  necroses.  The  nitrogen  output  in  the 
latter  type  was  slightly  elevated  but  normal  in  its  ammonia-urea  ratio. 
In  the  diffuse  degenerating  livers  the  ammonia-urea  ratio  was  abnor- 
mally high.  The  authors  interpret  this  as  indicating  that  the  hepatic 
function  was  obliterated  in  these  animals  while  in  those  with  focal 
necroses  some  cells  were  destroyed  but  enough  nonnal  tissue  was  left 
to  carry  on  the  hepatic  functions.  It  is  probable  that  there  was  a 
general  acidotic  effect  in  the  diffuse  degenerating  cases  which  would  also 
give  a  high  ammonia-urea  ratio.  The  authors  believe  there  is  evidence 
of  protein  storage  in  the  early  stages  of  intoxication,  but  in  view  of  the 
intense  congestion  of  the  liver  described  it  seems  more  likely  that  the 
increased  protein  represents  the  excess  of  blood  (119).  However  this 
may  be,  the  process  as  a  whole  illustrates  the  intoxication  of  the  cells 
with  altered  metabolism,  together  with  a  reduced  blood  supply,  tending 
toward  asphyxial  conditions,  injury  or  death  and  consequent  atrophic 
changes  by  the  autolytic  mechanism. 

I).  Acute  yellow  atrophy  is  a  striking  example  of  an  idiopathic  injury 
to  the  liver  cells  resulting  in  almost  complete  destruction  and  digestion 
of  the  liver  tissue.  In  a  case  reported  by  Wells  (120),  the  livor  had 
shrunk  to  half  the  nonnal  size  Iwfore  the  death  of  the  individual.  In 
this  case  the  parenchyma  had  autolyzed  away  while  the  stroma  re- 
mained intact  or  jx^rhaps  prolifj^ruted  to  some  extent.  The  livor  was 
coiuiequcntly  much  rich(*r  in  gelatin-forming  tissue  than  the  normal. 
Connective  tissues  as  a  chuss  do  not  autolyze  and  are  rather  resistant  to 
digestion  by  cnzynujs  from  the  leucocyt<»s.  In  our  own  stutli(\s  wo  have 
set  up  digosto  of  mature  cartilage  and  white  fibrous  tissue  which  showed 
no  meastireablo  incn?ase  of  ainino-acids  after  weeks  in  the  thermostat. 

Q.  Chlorofomi  caus<w  a  more  or  loss  profound  atrophy  of  tiie  liver 
depending  uikmi  the  length  of  exposure  (121),  (122),  (123),  (124),  (125), 
(126).    From  non-fatal  doses  the  organ  recovers  completely.    Accord- 
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ing  to  Graham,  the  necrosis  is  caused  by  the  break  up  of  chlorform  in 
the  Hver  cells  through  phosgene  to  hydrochloric  acid,  and  this  would 
easily  account  for  the  autolytic  changes  which  are  found  under  way  in 
such  a  liver.  Graham  has  also  shown  that  other  halogen  compounds 
similar  to  chloroform  produce  similar  liver  lesions  and  in  proportion  to 
the  hydrochloric  acid  produced.  Other  chlor-compounds,  like  chloral, 
do  not  break  up  with  the  liberation  of  the  halogen  acid  and  these  do  not 
affect  the  liver.  Iodoform  and  bromoform  both  cause  liver  degenera- 
tion, and  the  excretion  of  iodides  and  bromides  in  the  urine  makes  it 
clear  that  the  halogen  acids  are  produced  somewhere  in  the  body. 
The  liver  lesions  make  it  seem  fairly  certain  that  this  decomposition 
takes  place  in  that  organ. 

7.  Atrophy  of  the  mammary  gland  after  lactation  is  a  typical  physio- 
logical example  of  autolysis  resulting  from  diminution  of  the  blood 
supply.  Leaving  the  gland  partly  distended  with  milk  hastens  the 
atrophy  through  pressure,  which  cuts  down  the  blood  supply  still  more. 

After  parturition  the  mammary  glands  in  some  women  produce  an 
excessive  secretion  of  milk,  become  tense  with  pressure  and  often 
painful.  This  great  initial  pressure  regularly  leads  to  a  diminution 
through  atrophy  so  that  within  a  few  days  the  supply  of  milk  diminishes 
automatically.  It  is  common  practice  in  such  cases  to  anticipate  the 
excessive  secretion  by  bandaging  the  breasts  soon  after  delivery  and 
thus  initiating  the  atrophic  changes  and  avoiding  the  over-production. 
It  is  also  the  practice  to  bind  the  breasts  and  leave  them  but  partly 
emptied  during  the  weaning  period.  In  both  these  cases  autolysis  is 
initiated  by  pressure  stasis  and  asphyxial  cell-acidosis  resulting  from  it. 

8.  Uranium  salts  produce  nephritis  with  atrophic  changes  in  the 
kidney  cells.  MacNider  (127),  (128)  found  that  the  administration 
of  bicarbonate  in  considerable  amount  decreased  the  extent  and  severity 
of  the  lesions.  It  seems  plausible  that  the  excess  alkali  helped  prevent 
the  cell  acidosis  and  so  lessened  the  autolytic  digestion. 

9.  Following  parturition  the  uterus  contracts,  squeezes  out  the  blood 
and  lymph,  and  in  the  course  of  a  few  days  or  weeks  atrophies  to  its 
resting  size.  The  process  is  commonly  hastened  by  administering  ergot 
or  some  other  drug  inducing  contraction  in  smooth  muscle.  The 
sustained  contractions  of  this  organ  may  be  assumed  to  cut  down  blood 
supply.  Carbon  dioxide  will  be  produced  in  increased  amount,  while 
it  and  the  organic  acids  will  be  less  effectively  removed  or  neutralized. 
An  organ-acidosis  results  which  initiates  and  promotes  autolysis,  until 
the  organ  is  again  in  equilibrium  with  its  blood  and  lymph  supply. 
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10.  Contractions  of  the  uterus  are  set  up  at  term  in  some  way  not 
fully  understood.  There  may  be  a  number  of  factors  which  are  opera- 
tive in  bringing  on  the  expulsive  contractions,  the  most  probable  are 
that  they  are  started  by  some  chemical  hormone.  It  seems  not  improb- 
able, at  least,  that  autolysis  may  be  an  important  factor.  It  is  well 
known  that  protein  cleavage  products  cause  uterine  muscle  to  contract 
(129),  (130),  (131),  (132),  (133).  A  certain  threshold  concentration  is 
necessary  before  the  organ  responds.  Any  considerable  separation  of 
the  placenta  in  late  pregnancy  must  alter  the  blood  supply  to  the  separated 
area.  If  this  separation  is  large  enough  the  protein  cleavage  products 
produced  in  its  autolysis  would  probably  be  sufficient  to  induce  con- 
tractions. The  settling  of  the  fetus  as  term  is  approached,  its  more  and 
more  vigorous  muscular  movements,  are  both  calculated  to  increase  the 
strain  on  the  adherent  placenta.  If  a  small  separation  only  occurs  it 
would  perhaps  fail  to  produce  cleavage  products  in  sufficient  concentra- 
tion to  start  active  contractions.  It  might  however  account  for  the 
frequent  preliminary  contractions  so  often  noted  as  term  is  approached. 
It  is  well  known  that  a  fall  or  a  severe  jar  or  even  the  mild  shaking 
incident  to  an  automobile  ride  is  sufficient  to  start  the  process  in  many 
cases,  and  it  is  noteworthy  that  contractions  do  not  begin  at  once, 
but  after  a  latent  period  of  some  hours.  This  would  correspond  very 
well  with  the  time  required  after  such  a  separation  to  induce  asphyxial 
development  of  acidity  in  the  placenta  and  the  production  of  the  early 
cleavage  products.  It  has  long  been  known  that  the  placenta  contains 
proteolytic  enzymes  similar  in  character  to  those  found  in  other  tissues 
(134),  and  we  have  found  that  it  behaves  to  acids  and  alkalies  exactly 
like  other  tissues.  At  the  optimum  acidity  the  placenta  will  autolyze 
400  jx^r  cent  faster  and  farther  than  the  control  sample. 

11.  \'oluntary  muscle  autolyzes  slowly  and  incompletely.  It  is 
howevc'r  influenced  by  the  tissue  reaction  in  the  same  sense  as  the  more 
actively  autolyzing  gland  structures  (135),  (136).  An  inactivated 
muscle  gets  less  blood  tluin  an  actively  contracting  one.  Thus  the  arm 
hanging  in  a  sling  for  some  weeks  shows  considerable  nmscle  atrophy. 
With  this  d(?creased  maas  goes  a  very  large  part  of  the  contractile  power 
of  the  muscle.  When  the  muscle  is  again  allowed  to  contract  it  gradu- 
ally hy{)crtrophies  again  to  its  nomial  mass  and  strength.  In  vitro 
cx|H?riinerits  show  that  muscle  autolyzes  only  al)oiit  a  quarter  of  its 
proteins  under  the  most  favorable  conditions  of  reaction.  The  r(\st  of 
tho  tissue  is  not  hydrolyzed.  It  consiMts  of  connective  tissues  and 
muscle  structural  proteins  which  are  nut  rendered  available  for  Muto- 
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lytic  cleavage  even  by  acidity.  It  would  appear  that  the  protein 
fractions  which  are  available  material  for  the  enzyme  cleavage  are 
particularly  concerned  with  contraction,  since  removal  of  all  or  part  of 
this  fraction  by  atrophy  in  vivo  removes  at  the  same  time  practically 
all  of  the  contractile  power. 

12.  The  atrophy  of  the  tadpole's  tail  during  the  metamorphosis  is  an 
interesting  example  of  the  complete  autolysis  of  a  muscular  organ. 
Gudernatsch  (137)  first  showed  that  this  atrophic  phenomenon  may  be 
markedly  accelerated  by  feeding  thyroid  material  to  the  tadpole,  and 
this  has  been  confirmed  by  Morse  (138),  West  (139)  and  others.  It  has 
been  pointed  out  that  the  phagocytes  play  an  important  role  in  this 
process  although  Morse  found  no  excessive  number  present  in  the 
tissues  examined  by  him. 

The  explanation  of  the  process  is  this:  With  the  approach  of  the 
larva  to  maturity  the  bony  structure  known  as  the  urostyle  impinges 
more  and  more  on  the  blood  supply  to  the  tail.  Atrophic  changes  re- 
sult Eventually  cells  die  and  the  phagocytes  invade  the  tissue  adding 
their  less  specific  enzymes  to  those  of  the  tissue  itself.  As  the  blood 
supply  diminishes  slowly  there  is  opportunity  and  time  for  the  complete 
removal  of  the  cleavage  products  as  they  are  formed  little  by  little 
throughout  the  tail.  As  is  to  be  expected,  there  is  no  gross  evidence  of 
increased  autolysis  on  testing  the  tissue.  Even  in  the  fulminating  autol- 
ysis of  the  liver  in  acute  phosphorus  poisoning  Jacoby  found  no  accumu- 
lation of  amino-acids  until  the  circulation  was  lessened.  Nor  would  it 
be  expected  that  the  tails  would  show  an  increased  rate  of  autolysis  in 
vitro.  The  asphyxial  changes  affect  only  a  few  outpost  cells  at  a  time, 
so  that  at  any  one  moment  there  would  be  no  gross  increase  of  acid  or 
of  cleavage  products  in  the  tail  as  a  whole. 

The  significance  of  the  results  of  Gudernatsch  lies  in  the  increased 
rate  of  developmental  changes  resulting  from  thyroid,  not  in  any  specific 
effect  which  it,  or  other  iodine  compounds  have  upon  autolysis  (140), 
(141),  (142),  (143),  (144),  (145),  (146).  With  rapid  growth  of  the  uro- 
style under  thyroid  feeding,  the  train  of  results  depending  on  these 
changes  must  also  go  on  at  an  accelerated  rate. 

13.  Some  epithelial  tissues  are  particularly  sensitive  to  x-ray  radia- 
tion or  exposure  to  radium.  Such  cells  are  injured  in  some  way  by  the 
radiation,  their  metabolism  is  interfered  with  and  they  suffer  atrophic 
changes.  If  rayed  sufficiently  they  are  destroyed.  In  the  recent 
studies  of  Warren  and  Whipple  (147)  the  great  sensitiveness  of  the 
epithelium  of  the  small  intestine  is  described.     The  cells  in  the  crypts 
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appear  more  sensitive  to  the  rays  than  at  the  tips  of  the  villi.  The 
microscopic  picture  of  this  tissue  shows  such  ver}^  rapid  disintegration 
of  these  cells  as  compared  with  the  unrayed,  that  we  should  be  inclined 
to  suggest  that  autolysis  was  being  reinforced  by  the  enz\^nes  of  the 
digestive  tract,  trypsin  and  erepsin.  If  the  cells  are  killed  by  the  rays 
there  is  good  reason  to  suppose  their  proteins  will  fix  these  proteolytic 
enzymes  at  once,  while  the  protoplasm  of  the  living  cells  does  not  have 
this  property.  Thus  the  dead  cells  carry  with  them  to  the  digestion 
chamber  enzjTnes  in  addition  to  the  intracellular  autolytic  proteases, 
while  the  cells  which  were  still  living  at  the  time  the  tissue  was  removed 
do  not. 

IJf.  The  brain  is  considered  rather  resistant  to  autolysis  (148). 
This  resistance  is  due  however  to  its  exceptional  blood  supply,  its 
mechanism  for  increasing  ventilation  and  blood  flow  to  offset  a  develop- 
ing acidotic  shift  within  itself,  and  to  the  relatively  small  protein  con- 
tent of  the  brain.  Of  the  proteins  there  too  only  a  fraction  becomes 
available  in  autolysis,  the  rest  are  structural  and  are  not  digested  even 
under  the  best  conditions.  The  brain  behaves  like  other  organs  in  re- 
lation to  acidity  and  alkalinity  (149),  (150),  and  any  asphj'^xial  condition 
localized  in  some  part  of  it  through  pressure,  thrombosis,  trauma,  etc., 
results  in  digestion. 

15.  The  softening  of  overgrowths  and  neoplasms  is  an  example  of 
autolysis  induced  by  alterations  in  the  blood  supply.  This  may  be 
caused  by  the  contraction  of  freshly  laid  down  fibrous  tissue,  so  that 
capillary  tufts  are  pinched  off  and  their  dependent  tissues  autolyzed. 

16.  In  general  acidosis  and  fevers  the  loss  in  tissue  mass  is  correlated 
probably  with  acidotic  changes  within  the  tissue  cells,  leading  to  their 
partial  autolysis. 

17.  The  wastage  in  anemias  seems  also  to  be  related  to  the  decreased 
oxygen  supplied  the  tissues  with  partial  asphyxia  and  autolysis  toward 
a  new  equilibrium  lx»tween  the  mass  and  metabolism  of  the  tissues  of 
the  body  and  their  supporting  blootl  and  oxygon  supply. 

18.  In  starvation  we  have  a  striking  example  of  slow  autolysis  by 
which  a  very  largt;  portion  of  the  proteins  of  the  Ixxiy  is  digested  and 
thus  mobilized  for  the  uw?  of  the  more  essential  organs.  It  is  evident 
that  the  tissues  least  subject  to  autolysis  in  starvation  are  those  whose 
blood  supply  is  most  assured,  the  l)niin  mid  heart  (152).  This  slow 
autolysis  is  probably  related  to  \)\mn\  supply  and  tissue  acidosis  as 
in  the  other  cases  mentioned.  It  is  certainly  not  a  simple  activation 
phenomenon  as  descrilwd  by  Schryvor  (161),  although  activation  by 
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increased  'H-iGn  probably  plays  a  part.  Generalized  acidosis  is  a  prom- 
inent and  persistent  feature  in  starvation  and  it  is  fair  to  assume  that 
it  is  expressive  of  conditions  within  the  tissue  cells.  With  loss  of  muscle 
proteins  muscular  weakness  slowly  increases,  the  individual  tends  to 
become  more  and  more  quiet.  Decreased  metabolism,  decreased  blood 
supply,  lowered  blood  and  pulse  pressures  are  factors  which  must  auto- 
matically lead  to  conditions  favorable  to  autolysis  (153).  Thus  the 
essential  structures,  like  brain  and  heart,  survive  at  the  expense  of  those 
less  perfectly  supplied  with  blood.  The  skeleton  persists  also  with  very 
little  loss  because,  along  with  the  other  connective  tissue,  it  does  not 
autolyze. 

19.  The  very  slow  generalized  atrophies  of  advancing  age  are  prob- 
ably also  related  immediately  to  a  blood  supply  growing  gradually 
less  efficient,  and  leading  to  a  concomitant  decrease  in  the  mass  of  tissues 
maintained  in  equilibrium  with  it. 

These  are  but  a  few  of  the  more  obvious  examples  of  physiological 
and  pathological  processes  in  which  autolysis  plays  a  role.  Every  loss 
of  tissue  mass  which  is  not  merely  due  to  loss  of  water,  involves  this 
mechanism.  It  is  safe  to  assume  that  every  increase  of  mass,  as  in 
hypertrophy  and  growth,  involves  the  same  mechanism  operating  in  the 
reverse  direction.  The  factors  involved  in  growth  and  hypertrophy  are 
so  much  more  complicated  than  in  hydrolysis  of  a  tissue  that  we  know 
little  of  it  experimentally.  It  is  obvious  that  it  requires  an  abundant 
blood  supply,  and  a  reaction  which  insures  the  stability  of  the  base- 
protein  complexes.  The  interesting  observation  of  Menten's  that  in 
cases  of  carcinoma  the  pH  of  the  blood  is  about  7.8  is  suggestive  (154). 
So  too  are  the  results  obtained  by  Fischer  in  growing  fibroblasts  in  cul- 
ture media  (155).  The  optimum  reaction  for  growth  was  between  7.4 
and  7.8  and  the  cells  were  more  resistant  to  abnormally  high  alkalinity 
than  to  acidity.  Moore,  Alexander,  Kelly  and  Roaf  (156)  found  that 
fertilized  sea  urchin  eggs  are  never  stimulated  to  growth  by  increasing 
the  acidity  of  the  surrounding  medium,  but  that  they  are  stimulated  by 
slight  extra  alkalinit}',  and  may  develop  atypical  mitotic  figures  which 
are  similar  to  those  seen  in  malignant  tumors. 
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other  investigators,  especially  if  he  has  been  concerned  with  experi- 
ments which  are  not  in  accord  with  those  under  review.  No  review 
concerned  with  bile  constituents  would  be  complete  without  reference 
to  Stadelmann's  monograph,  Der  Icterus  (51).  It  would  be  well  if 
all  investigators  in  this  field  were  to  read  this  book  from  cover  to  cover, 
for  the  procedure  might  conserve  to  the  research  journals  much  valuable 
space.  Stadelmann's  reviews  and  his  experiments  are  models  which 
must  excite  admiration  in  all  students  of  this  subject.  It  may  perhaps 
be  convenient  to  review  each  important  constituent  of  the  bile  before 
noting  certain  facts  concerning  the  whole  bile. 

Bile  pigments  The  bile  pigments  may  or  may  not  be  the  most  im- 
portant constituents  of  the  normal  bile  but  certain  it  is  that  they  have 
received  the  largest  amount  of  attention,  clinical  and  experimental. 
Bile  pigments  appear  in  demonstrable  amounts  in  the  bile  canaliculi 
of  the  normal  or  abnormal  hepatic  epithelial  cell.  It  is  therefore  a 
bit  too  easy  to  think  of  the  hepatic  cell  as  the  only  essential  factor  in  the 
elaboration  of  bile  pigment.  But  it  is  well  for  physician,  teacher, 
student  and  investigator  to  keep  clearly  in  mind  that  other  body  cells 
have  the  capacity  rapidly  to  c.han{je  heino{)lohin  to  bile  piijmvnt. 

Whipple  and  Hooper  (57)  sliowed  that  this  transformation  could  bo 
brought  about  within  2  hours  in  the  blood  .stream  of  the  head  and 
thorax  with  roniplet**  liver  cxchision.  'V\\o  saine  workers  (IS)  showed 
that  hemoglobin  can  Ik»  tran.Mformed  into  l^ile  pigments  witliin  the 
wrouH  cavitieH  (hiring  a  |>erio(l  of  12  hours  or  longer.  McNoo  (31) 
and  Van  den  B<Tgli  and  SnnpixT  (51)  have  confirmed  a  part  of  this 
work.     It  is  higiily  prolmlUe  that  the  vascular  endothelium  and  serous 
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mesothelium  are  concerned  in  these  reactions.  We  wish  to  emphasize 
the  point  that  these  reactions  in  our  opinion  are  not  physiological  curi- 
osities but  concern  the  normal  bile  pigment  production.  It  seems 
probable  to  the  writer  that  the  Kupffer  cells  are  concerned  in  the 
normal  production  of  bile  pigments  and  it  is  not  a  mere  accident  that 
these  cells  make  up  a  considerable  part  of  the  gross  liver  tissue  in  the 
most  intimate  association  with  the  hepatic  parenchyma  cells.  It 
would  seem  possible  that  the  formation  of  bile  pigments  might  be  a 
function  of  both  the  liver  endothelium  (Kupffer  cells)  and  the  hepatic 
epithelium,  the  preponderance  of  activity  being  determined  by  factors 
not  understood  at  present.  It  is  suggested  that  the  Kupffer  cells  may 
be  concerned  with  production  of  bile  pigments  from  hemoglobin  present 
in  the  blood  stream  while  the  hepatic  epithelium  may  be  especially 
concerned  with  the  manufacture  of  bile  pigments  from  other  sub- 
stances which  (pigment  complex  fig.  C)  may  be  derived  from  the  food 
or  body  cell  protoplasm. 

Our  conception  of  the  relations  of  bile  pigment  to  other  body  pigments 
is  illustrated  in  a  crude  way  in  figure  C.  Many  important  factors 
concerning  the  interrelation  of  hemoglobin,  bile  pigment  and  other 
body  pigments  have  been  reviewed  by  Whipple  (56),  and  we  must 
refer  to  that  paper  for  much  of  the  detailed  discussion  of  pigment 
metabolism.  Those  interested  in  the  chemical  structure  of  bile  pigments 
are  referred  to  papers  by  Kiister  (22),  (23),  (24). 

It  has  been  claimed  by  some  investigators  (Brugsch,  Yoshimoto, 
Kawashima  (3))  that  hemoglobin  introduced  into  the  blood  stream 
will  be  quantitatively  excreted  as  bilirubin  in  the  bile.  Whipple  and 
Hooper  (61)  have  been  able  to  show  that  in  their  bile  fistula  dogs  no 
such  quantitative  relationship  holds  for  hemoglobin  and  bile  pigment. 
It  seems  very  probable  that  much  of  the  hemoglobin  set  free  in  the 
blood  stream  may  be  used  in  the  body  economy  for  a  variety  of  purposes 
— among  others,  the  construction  of  hemoglobin  for  new  red  cells. 
For  example,  it  is  sufficientl}'  well  established  that  intravenous  injec- 
tions of  hemoglobin  or  the  destruction  of  red  cells  in  the  body  will  aid 
in  the  recovery  from  simple  anemia  with  consequent  upbuilding  of 
new  hemoglobin  (20),  (21).  It  is  very  probable,  however,  that  the 
hemoglobin  in  the  blood  stream  is  not  used  directly  but  only  after 
being  broken  down  to  the  unit  structural  factors^ — whatever  these 
may  be.  It  may  be  difficult  or  almost  impossible  to  prove  beyond  a 
doubt  that  hemoglobin  may  not  be  quantitatively  eliminated  as  bile 
pigments  in  the  bile  but  it  is  relatively  easy  to  show  (17)  that  hemoglobin 
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introduced  intravenously,  intraperitoneally  or  intramuscularly  will  aid 
materially  in  the  recovery  to  normal  from  a  simple  anemia.  If  the 
introduced  hemoglobin  may  be  used  to  form  new  hemoglobin  it  is 
scarcely  permissible  to  state  that  it  is  quantitatively  eliminated  as 
bile  pigment.  This  point  is  illustrated  graphically  by  double  arrows 
between  the  pigment  complex  and  hemoglobin  in  figure  C. 

It  is  well  established  (58)  that  the  bile  pigment  elimination  in  bile 
fistula  dogs  can  be  increased  by  a  change  in  diet — for  example,  a  sudden 
change  from  a  meat  to  a  carbohydrate  diet  may  increase  the  bile 
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pigment  elimination  more  than  50  jxjr  cent.  This  can  be  repeated 
time  after  time  and  it  seems  at  least  improbable  that  this  reaction  is 
dependent  upon  blood  destruction.  We  may  wish  to  explain  this 
reaction  in  part  as  follows:  The  meat  diet  is  normal  for  the  dog  and  the 
incrofiMO  in  bile  pigment  excretion  due  to  carbohydrate  excess  may 
rcprew'nt  an  abnonnul  or  alternative  reaction — a  deviation  of  pigment 
clcrnentD  and  conHtruction  into  bile  pigment  for  elimination.  It  is 
powriblft  that  w>nie  of  thrw»  pigment  elements  concerned  in  this  reaction 
might  Ik?  available  under  favorable  cotwlitions  (anemia)  for  h(Miioglol)in 
coHMtniction  or  under  uaual  conditions  (meat  diet)   for   eiiinin.ilion 
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elsewhere  than  in  the  bile.  Uroehrome  is  a  possible  end  product  of 
pigment  elements  and  deserves  much  more  study  in  normal  and  abnormal 
conditions. 

The  term  ''pigment  complex"  is  used  in  figure  C  to  indicate  a  group 
of  substances  which  are  essential  parts  of  mature  body  pigments.  It 
is  obvious  that  certain  food  factors  contribute  to  this  "pigment  com- 
plex," as  food  is  directly  concerned  in  the  production  of  new  hemo- 
globin and  the  formation  of  bile  pigments  and  uroehrome.  It  is  equally 
clear  that  the  body  protein  and  cells  contribute  to  this  "pigment  complex" 
as  all  body  pigments  are  produced  in  measurable  amounts  during 
fasting  periods.  We  believe  the  evidence  is  sufficient  to  show  that 
hemoglobin  as  it  disintegrates  in  the  body  also  contributes  to  the 
"pigment  complex"  and  so  influences  in  a  measure  the  new  fonnation 
of  hemoglobin.  It  is  probable  that  only  a  small  amount  of  the  destroyed 
hemoglobin  is  conserved  in  this  fashion.  The  pyrrol  nucleus  seems  to 
be  one  of  the  factors  which  must  be  concerned  in  this  "pigment  com- 
plex" and  it  is  probable  that  all  facts  related  to  pyrrol  metaboUsm  will 
have  a  direct  relation  to  the  complicated  body  pigment  metabolism. 
The  above  points  are  illustrated  graphically  in  figure  C. 

Bile  pigments  in  the  bile  fistula  animal  are  not  increased  by  the 
feeding  of  fresh  bile  pigments  or  of  fresh  or  cooked  blood  or  of  digestion 
products  obtained  from  blood  (59).  This  might  be  assmned  to  be 
from  lack  of  absorption.  There  is  no  evidence  that  bile  pigment  or 
stercobilin  are  absorbed  from  the  intestine.  However,  it  has  been 
shown  that  the  feeding  of  hemoglobin  will  influence  the  curve  of  new 
hemoglobin  construction  after  anemia  (17).  This  indicates  an  absorp- 
tion of  substances  which  are  concerned  with  "pigment  complex"  but 
it  is  clear  that  these  same  factors  do  not  influence  the  output  of  bile 
pigments  in  the  bile  fistula  dogs — at  least  under  the  conditions  of  our 
experiments.  These  experiments  are  much  against  the  interesting 
suggestion  of  Wilbur  and  Addis  (64)  that  there  may  be  a  conservation 
of  bile  pigment  factors  which  are  absorbed  from  the  intestine  and 
reconstructed  into  hemoglobin.  Perhaps  the  strongest  argument 
against  the  absorption  of  stercobilin  and  its  utilization  in  body  pigment 
construction  is  the  fact  that  bile  fistula  dogs  under  observation  con- 
tinuously for  2  years  or  longer  show  no  evidence  of  pigment  lack,  no 
anemia,  no  fall  in  pigment  production  and  no  reaction  whatever  to 
the  feeding  of  bile  pigments. 

A  study  of  the  bile  pigment  output  of  the  Eck  fistula  liver  furnishes 
some  interesting  facts  to  consider  at  this  time.     Dogs  with  combined 
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Eck  and  bile  JSstulae  eliminate  less  bile  pigment  than  controls — some- 
times but  30  to  50  per  cent  of  normal  (60).  The  Eck  fistula  liver  is 
functionally  inefficient  and  there  is  no  direct  contact  with  the  portal 
blood.  Both  these  factors  may  well  contribute  to  this  low  pigment 
output  but  the  main  point  to  emphasize  is  that  the  pigment  output  is 
influenced  by  liver  function  rather  than  by  the  amount  of  hemoglobin 
waste  products  formed  in  the  body.  We  have  ample  evidence  that 
various  liver  injuries  will  likewise  depress  bile  pigment  excretion — 
again  clear  evidence  that  the  liver  has  a  constructive  function  in 
producing  bile  pigments  rather  than  a  simple  passive  eliminative 
function. 

Certain  conditions  in  bile  fistula  dogs  will  cause  or  be  associated 
with  a  maximal  bile  pigment  elimination — for  example,  a  combination 
of  splenectomy  and  anemia  (19).  Such  periods  of  maximal  bile  pigment 
formation  are  of  very  great  interest  and  deserve  careful  study  as  such 
investigations  may  lead  to  a  more  complete  understanding  of  the 
fundamental  pigment  stimulus  in  the  body.  This  is  of  obvious  interest 
to  physiologist  and  clinician  alike. 

One  last  point  concerning  pigment  formation  invites  speculation. 
We  recall  that  vessel  endothelium  (including  Kupffer  cells)  and  meso- 
thelium  (lining  cells  of  serous  cavities)  can  rapidly  transform  hemoglobin 
into  bile  pigment.  Further,  the  embryo  endotheliiun  in  the  chick  is 
able  to  develop  red  blood  cells  containing  hemoglobin  (47).  We 
recall  the  embryonic  hematopoietic  function  of  the  liver  containing 
hepatic  epitheUum  and  KupiTer  cells.  We  have  pointed  out  the 
intimate  relationship  between  the  two  types  of  cell  normally  concerned 
with  bile  pigment  production  (hepatic  epithelium  and  Kupffer  cells). 
The  degradation  of  heni{)glol)in  to  bile  pigment  concierns  two  important 
cells  (liver  epithelium  and  Kupffer  cells).  May  these  two  cells  have 
any  capacity  for  reversing  this  reaction  and  may  they  not  be  concerned 
with  hemoglobin  con.stc\icti()n  or  the  jjroduction  of  parent  substances 
used  by  the  marrow  cells  which  put  the  finishing  touches  on  the  hemo- 
globin of  the  erythrocytes?  There  are  nuiny  suggestiv(;  things  in 
animal  experiments  but  convincing  proof  of  this  point  is  not  yet  at 
hand  although  at  times  it  seems  to  be  almost  within  one's  grasp. 

L'rohium.  It  iiuiy  be  debatable  as  to  whether  urobilin  is  a  normal 
coiiHtituent  of  bih*.  However,  it  is  claimed  l)y  some  investigators 
that  it  is  proient  in  normal  human  bile  (53).  These  claims  ar(5  based 
on  analyses  of  bile  obtained  by  the  duodenal  tube  and  obvious  objec- 
tions may  be  raised  to  these  concluHiouH  uh  the  bile  was  in  contact  for 
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a  short  time  at  least  with  the  intestinal  mucosa  and  its  intestinal  flora. 
Urobilin  is  constantly  present  in  fasting  bile-fistula  dog  bile  (62). 
Urobilin  has  been  observed  frequently  in  human  bile  under  abnormal 
conditions  (Wilbur  and  Addis  (64)  and  others).  It  has  been  suggested 
by  Brul6  and  Garban  (4)  that  urobilin  is  formed  directly  from  the 
hemoglobin  by  a  reaction  which  goes  on  in  the  circulating  blood  and 
living  tisues.  However  they  give  no  experiments  to  support  this 
very  interesting  suggestion  as  it  is  obviously  necessary  to  exclude 
the  participation  of  the  liver.  Quadri  (41)  submits  a  series  of  experi- 
ments to  show  that  in  vitro  the  common  bacteria  cannot  change  hemo- 
globin into  urobilin. 

We  must  refer  to  a  fundamental  error  which  is  unfortunately  firmly 
fixed  in  the  minds  of  clinicians  and  laboratorj^  workers — the  belief 
that  stercobilin  or  urobiUn  is  absorbed  from  the  intestine.  We  know 
of  no  evidence  of  any  sort  to  indicate  that  urobilin  or  bile  pigments 
are  absorbed  from  the  intestine,  once  we  grant  that  urobilin  may  be 
present  at  times  in  the  bile  within  the  bile  ducts.  We  believe  that 
urobilin  is  formed  in  the  liver,  particularly  in  abnormal  conditions  of 
the  biliary  tract  (cholangitis)  but  know  of  no  evidence  that  it  is  absorbed 
from  the  intestine — refer  to  figure  C. 

All  the  evidence  at  hand  indicates  that  the  pigment  substances  in 
the  bile  (bilirubin,  biliverdin  and  urobiUn)  subsequently  serve  no  useful 
purpose  and  are  true  excretory  substances.  There  is  no  evidence  for 
any  "circulation"  ctf  the  bile  pigments  and  when  this  word  is  used  it 
should  be  limited  to  the  bile  salts  which  are  so  rapidly  absorbed  from 
the  intestine. 

Bile  salts.  In  this  discussion  we  may  concern  ourselves  with 
glycocholic  (including  glycocholeic)  and  taurochoUc  (including  tauro- 
choleic)  acids  which  are  found  in  the  bile  as  the  sodium  salts.  If  our 
ignorance  about  the  complete  story  of  the  bile  pigments  is  disturbing, 
then  our  lack  of  understanding  as  to  the  source  and  internal  metabolism 
of  the  bile  acids  is  pathetic — this  in  spite  of  much  careful  study  and 
investigation.  The  most  important  fact  to  date  is  the  "circulation" 
of  the  bile  acids;  by  which  we  mean  a  rapid  absorption  of  the  bile  salts 
from  the  intestine  with  prompt  reappearance  in  the  bile.  This  fact 
was  established  very  early  in  the  study  of  bile  physiology  (49)  yet  we 
understand  nothing  as  to  the  control  of  this  reaction  in  the  body.  We 
may  be  led  into  a  ridiculous  position  if  we  choose  to  argue  from  the 
few  facts  established  by  experimental  work — for  example,  a  bile-fistula 
dog  excretes  considerable  amounts  of  bile  acid  during  fasting  periods, 
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therefore  the  substance  is  produced  constantly  in  the  body.  Again 
we  find  good  evidence  that  bile  acids  by  mouth  in  bile  fistula  dogs 
are  promptly  and  quantitatively  eliminated  in  the  fistula-bile — for 
example,  1  gram  bile  salts  by  mouth  will  be  excreted  quantitatively  in  the 
fistula  bile  within  6  hours.  In  the  normal  dog  whose  bile  escapes  into 
the  duodenum  we  should  indeed  find  an  amusing  condition — new  bile 
acids  formed  daily  and  all  the  bile  acids  poured  into  the  intestine 
quantitatively  absorbed — a  vicious  circle  with  rapid  transformation  of 
the  dog  into  a  pillar  of  bile  salt!  Evidently  there  is  a  mechanism  in 
the  normal  animal  which  controls  the  production  and  destruction  of 
bile  salts  within  certain  limits  but  this  is  a  complete  mystery. 

One  great  difficulty  was  the  lack  of  accurate  and  rapid  methods  for 
bile  acid  analysis  and  the  older  work  required  large  amounts  of  bile, 
much  time  and  expensive  chemical  extractives.  The  new  method  of 
Foster  and  Hooper  (12)  is  a  great  improvement  and  permits  of  rapid 
and  accurate  analysis  of  taurocholic  acid  in  small  amounts  of  dogs'  bile. 
They  give  a  critical  review  of  the  older  methods.  Their  method 
consists  of  hydrolysis  of  taurocholic  acids  into  cholic  acid  and  taurin. 
The  amino  nitrogen  of  the  taurin  is  then  determined  by  the  gasometric 
method  of  Van  Slyke.  A  further  modification  of  this  method  by 
Schmidt  and  Dart  (48)  enables  the  investigator  to  determine  accurately 
the  two  separate  bile  acids,  taurocholic  and  glycocholic.  They  find 
complete  absence  of  glycocholic  acid  in  dog  and  sheep  bile,  a  prepon- 
derance of  glycocholic  in  pig's  bile  and  approximately  an  equal  division 
between  the  two  acids  in  human  fistula  bile. 

We  may  now  ask  what  information  has  been  obtained  from  fistula 
animals  as  to  bile  acid  production.  For  a  detailed  discussion  of  these 
factors  we  wish  to  refer  to  the  papers  by  Foster,  Hooper  and  Whipple 
(13).  Bile  fistula  dogs  are  not  wholly  satisfactory  but  are  the  best 
experiment  ill  animal  at  present  and  most  of  the  accurate  information 
is  obtained  from  ob.scrvations  on  those  dogs. 

Under  normal  conditions  of  health  there  is  great  variation  day  by 
day  in  the  output  of  l)ilo  salts.  A  part  of  this  variation  is  duo  to  diet 
factors,  and  in  general  the  bile  salt  excretion  is  much  greater  on  a  meat 
diet  than  on  a  carbohydrate  diet.  The  actual  curve  of  bile  acid  secre- 
tion as  related  to  foo<i  intake  is  not  easy  to  determine  because  of  factors 
other  than  food  which  influence  bile  acid  production.  For  example, 
it  has  been  notetl  repeatedly  that  after  a  fasting  period  of  2  to  4  days 
or  longer  the  prompt  rise?  in  bile  aci<l  production  following  a  moat 
feeding  mnv  tw.t  appear  until  after  the  second  or  third  feeding.     This 
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suggests  a  fasting  depletion  of  a  reserve  material  which  is  made  up 
before  the  customary  rise  in  bile  acids  appears  after  meat  feeding. 

During  fasting  periods  there  is  a  uniform  excretion  of  taurocholic 
acid  in  bile  fistula  dogs.  This  level  of  excretion  will  be  lowered  some- 
what by  sugar  feeding  and  we  note  an  interesting  parallel  between  the 
bile  acid  excretion  and  the  urinary  nitrogen  excretion.  Of  course 
this  suggests  an  important  relationship  between  body  protein  metab- 
olism and  bile  acid  metabolism.  Evidently  there  is  an  important 
endogenous  factor  in  bile  acid  metabolism. 

Within  limits,  an  increase  in  food  protein  will  reflect  an  increase  in 
bile  acid  excretion.  The  level  of  bile  acid  excretion  can  be  raised  to 
a  maximum  by  meat  feeding  (exclusive  of  bile  salt  feeding).  This 
fact  suggests  that  there  are  important  exogenous  factors  in  bile  acid 
metabolism. 

The  Eck  fistula  liver  furnishes  us  with  very  important  data:  This  type 
of  liver  is  known  to  be  functionally  subnormal  and  it  produces  about 
one-half  the  normal  amount  of  bile  acid  on  a  standard  diet.  This  is 
important  ervidence  that  the  production  of  bile  acids  depends  at  least 
in  part  upon  the  functional  capacity  of  the  hepatic  epithehum.  It  is 
generally  accepted  that  bile  acids  are  formed  only  by  hepatic  epithelium 
but  the  evidence  for  this  is  fragmentary  and,  when  critically  reviewed, 
none  too  convincing.  The  Eck  fistula  liver  furnishes  evidence  to 
support  the  accepted  belief  and  other  experiments  will  be  published 
soon  to  give  further  confirmation.  These  experiments  (Smyth  and 
Whipple)  will  show  a  remarkable  depression  of  bile  salt  excretion 
due  to  small  doses  of  poisons  known  to  act  specifically  upon  hepatic 
epithelium. 

Bile  acids  can  be  readily  separated  into  their  constituent  parts: 
taurochloric  acid  =  taurin  +  cholic  acid  and  glycocholic  acid  = 
glycocoU  -|-  cholic  acid.  Both  these  animo  acids  are  present  in  the 
bod}^  and  glycocoU  can  be  formed  within  the  body.  Taurin  is  derived 
probably  in  large  part  from  the  cystein  of  the  food  or  body  protein. 
Under  usual  diet  conditions  there  is  probably  an  excess  of  glycocoU 
and  taurin  available  in  the  body  to  satisfy  any  demands  made  in  the 
bile  acid  synthesis. 

Cholic  acid  is  the  determining  factor  in  this  reaction  and  we  may  as 
well  begin  with  the  statement  that  almost  nothing  is  known  about  the 
origin  of  cholic  acid  in  the  body  and  the  disposal  of  any  excess  of  this 
compound  other  than  in  the  bile.  Cholic  acid  has  a  structural  formula 
which  is  rather  complex  but  contains  no  nitrogen.     Pregl  (40)  states 
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that  cholic  acid  is  a  hexahydroxybenzene  and  structurally  related  to 
turpentine  and  camphor.  A  considerable  literature  on  this  subject 
has  been  recently  re\aewed  bj^  Foster,  Hooper  and  Whipple  (14). 
In  that  paper  sufficient  evidence  is  submitted  to  prove  that  no  physio- 
logical relationship  exists  between  camphor  and  turpentine  and  cholic 
acid. 

The  same  holds  for  cholesterol  which  has  often  been  suspected  as 
the  precursor  of  cholic  acid  (2),  (65),  but  careful  experiments  negative 
this  interesting  suggestion.  In  the  same  series  of  experiments  (14) 
it  was  shown  that  red  cells  fed  by  mouth  or  hemoWzed  and  introduced 
intravenously  had  no  influence  on  the  bile  acid  excretion.  A  recent 
paper  by  Beth  (2)  reviews  the  suggestion  that  bile  acids  are  derived 
by  the  disintegration  of  cholesterol.  He  claims  that  this  interesting 
reaction  takes  place  within  the  Kupffer  cells  but  we  were  unable  to 
locate  the  data  to  establish  this  claim.  Further  objection  t^  this 
work  may  be  made  on  the  grounds  that  the  material  is  obtained  by 
the  duodenal  tube.  One  must  be  guarded  in  the  study  of  this  material 
as  analyses  can  be  at  best  qualitative,  as  we  are  dealing  with  unknown 
dilutions  and  confusing  additions  of  gastric  and  duodenal  secretions. 
We  may  conclude  that  cholic  acid  is  the  limiting  factor  which  determines 
the  level  of  bile  acid  excretion  in  fistula  bile  but  the  origin  and  fate  of 
cholic  acid  are  obscure. 

In  this  connection  we  may  note  that  taurin  intravenously  has  no 
effect  on  the  excretion  of  bile  acids(14).  Taurin  plus  cholic  acid  by 
mouth  causes  a  notable  cholagogue  action  and  increase  in  bile  acid 
output  just  as  taurocholic  acid  by  mouth.  Evidently  these  substances 
have  a  strong  physiological  attraction  within  the  body  for  we  note 
the  same  effect  if  the  cholic  acid  is  given  by  mouth  and  the  taurin 
intravenously.  Cholic  acid  fed  during  long  fasting  periods  gives  a 
minimal  output  of  bile  acids  but  fed  during  full  diet  periods  gives  a 
maxinuil  output  of  bile  acids  with  tlu^  usual  cholagogue  action.  We 
believe  this  reaction  is  to  be  explained  by  the  available  supply  of  taurin 
within  the  body  which  is  at  a  low  level  (hu'ing  fasting  but  not  during 
full  diet  periods. 

The  bile  acids  are  generally  believed  to  be  formed  only  by  the  activity 
of  the  hepatic  epithelium,  as  stated  above.  These  substances  are  looked 
upon  as  true  seeretory  factors  as  they  servoausefu!  purpose  in  1  lu^  diges- 
tive proce««  within  the  intestine.  Wo  recognize  a  significant  influence 
exerted  by  the  bile  acids  upon  fat  digestion  and  intestinal  putrefaction. 
It  would  be  of  great  interest  to  learn  whether  tiu;  idle  acids  are  con- 
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cerned  with  any  of  the  endogenous  fat  metabolism  reactions  which  take 
place  within  the  liver.  There  are  scores  of  interesting  possibilities 
connected  with  bile  acid  metabolism  but  space  does  not  permit  such 
discussion. 

Dissociation  of  bile  constituents.  Stadelmann  was  the  first 
to  call  attention  to  this  interesting  fact.  He  emphasized  the  versa- 
tility of  the  hepatic  epithelial  cell.  It  is  very  easy  to  give  examples 
in  which  one  or  the  other  of  the  bile  constituents  may  be  increased 
without  equivalent  increase  in  other  constituents.  Hemoglobin  given 
intravenously  will  cause  a  rise  in  bile  pigments  but  no  significant 
change  in  bile  salts.  Taurocholic  acid  by  mouth  will  cause  a  great 
increase  in  total  bile  flow  and  bile  acid  output  but  the  total  bile  pigment 
may  be  decreased.  Taurocholic  acid  plus  sugar  by  mouth  may  show 
no  increase  in  volume  but  great  increase  in  bile  acids.  This  experiment 
probably  shows  the  maximum  power  of  the  liver  to  concentrate  bile 
acids  in  bile  and  the  concentration  may  rise  to  7  or  9  per  cent  by  weight. 
The  water  elimination  in  the  bile  is  obviously  influenced  profoundly 
by  sugar  or  carbohydrate  feeding.  Meat  feeding  will  be  associated 
with  a  high  bile  acid  output  and  a  lowered  bile  pigment  excretion. 
Instances  need  not  be  further  multiphed.  Much  less  is  known  about 
the  fluctuations  of  the  other  bile  constituents  and  such  data  are  very 
much  to  be  desired. 

Cholagogues.  The  chief  if  not  the  only  real  cholagogue  is  whole 
bile  or  its  active  principle — that  is,  the  bile  acid  fraction.  The  mere 
fact  that  drugs  are  claimed  to  be  cholagogues  by  some  and  denied  by 
others  will  indicate  to  the  student  of  bile  physiology  that  the  cholagogue 
action  is  at  least  insignificant  if  not  absent.  We  may  note  the  few 
points  about  which  all  workers  are  in  accord.  Bile  salts  by  mouth  or 
intravenously  will  cause  a  distinct  rise  in  the  volume  of  bile  secreted 
by  a  temporary  or  permanent  fistula.  Likewise  a  meat  diet  favors 
an  abundant  flow  of  bile  in  a  bile  fistula  dog  but  a  diet  rich  in  carbo- 
hydrates, especially  sugar,  will  decrease  the  bile  flow  under  similar 
conditions.  That  sugar  has  a  distinct  inhibiting  influence  on  the  bile 
flow  can  be  shown  by  combining  bile  salts  and  sugar  by  mouth.  This 
procedure  will  give  a  maximal  concentration  of  bile  acids  in  the  bile 
but  little  or  no  increase  in  the  volume  of  bile.  This  shows  the  impor- 
tance of  diet  as  influencing  the  bile  flow. 

The  duration  of  the  cholagogue  effect  of  bile  salts  depends  upon  the 
dosage.  With  a  dose  of  1  to  2  grams  taurocholic  acid  the  cholagogue 
action  will  be  over  4  within  4  or  8  hours  and  the  ingested  acid  can  be 
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recovered  quantitatively  in  the  fistula  bile.  Larger  doses  of  tauro- 
cholic  acid  (8  to  12  gms.)  by  mouth  may  prolong  the  cholagogue  effect 
for  24  to  48  hours  or  even  longer.  It  is  generally  admitted  that 
glycocholic  acid  has  a  less  powerful  chologogue  effect  than  has 
taurocholic  acid. 

What  shall  we  say  of  the  various  drugs  advocated  as  cholagogues 
by  certain  investigators?  We  believe  the  attitude  of  Stadelmann  is 
correct — that  one  must  be  critical  of  claims  not  supported  by  uniform 
and  distinct  increases  in  bile  flow  such  as  may  be  produced  by  bile 
feeding.  None  of  the  so-called  cholagogues  stand  this  test  except, 
as  stated  above,  the  bile  salts  (especially  taurochoUc  acid) .  The  saU- 
cylates  have  many  advocates  as  cholagogues  (25),  (37)  and  as  many 
report  negative  results.  The  writer  has  never  observed  any  constant 
reaction  to  salicylates  in  bile  fistula  dogs.  Neubauer  (36)  and  others 
have  studied  the  effect  of  pilocarpin,  adrenalin  and  atropin.  We  find 
no  uniformity  of  reaction  or  opinion.  The  changes  noted  are  not 
striking  and  may  or  may  not  be  due  to  the  action  of  the  drug  on  the 
liver  epithelium.  Large  doses  of  adrenalin  are  reported  (36)  to  cause 
fall  in  volume  excretion.  The  same  indefinite  reactions  are  reported 
by  Weinberg  (55),  Okada  (37)  and  others  following  administration 
of  dilute  acids,  soaps,  salts,  glycerine  and  albumoses.  Downs  and 
Eddy  (7),  (8)  report  minor  fluctuations  in  bile  flow  due  to  a  host  of 
organ  extracts,  adrenalin,  secretin,  etc.  Eiger  (10)  claims  to  demon- 
strate secretory  fibers  in  the  vagus  which  influence  bile  flow  from  the 
liver.  The  changes  are  minimal  and  the  writer  is  not  convinced  that 
the  changes  can  not  all  be  explained  on  the  basis  of  simple  vasomotor 
reactions. 

We  have  considerable  evidence  that  certain  drugs  can  relax  the  bile 
papilla  sphincter  and  perhaps  also  cause  certain  constriction  of  the 
bile  ducts  an<I  gall  bladder.  For  example,  Doyon  (0)  showed  that 
duo<lenal  irritation  might  cause  relaxation  of  bile  papilla  and  constric- 
tion of  gall  bladder  and  ducts.  Meltzer  and  Auer  (32)  emphasized 
this  reaction  as  caused  by  magnesium  sulfate  and  recently  this  has 
been  applied  to  the  clinical  study  of  disease  (30),  (50).  Much  infor- 
mation of  value  is  to  be  expected  from  a  careful  study  of  normal  and 
discaiied  humans  by  this  method.  There  is  need,  however,  for  critical 
analyKiR  of  these  diilii  lo  guard  against  too  free  intcrpiclalion  of 
rcMultii. 

All  physiologiMts  who  have  worked  with  bile  fistula  aiiiinals  under 
anciitlie«ia  or  shortly  jiftcr  an  operative  procedure  are  all  too  familiar 
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with  periods  of  temporary  inhibition  of  bile  flow.  Such  periods  may 
last  for  hours  and  seriously  interfere  with  the  experimental  procedure. 
The  cause  for  this  is  not  understood  although  it  is  beUeved  by  many 
that  operative  manipulation  of  the  gastro-hepatic  omentum  and 
nearby  structures  will  predispose  to  such  a  condition.  Whether  there 
is  such  a  thing  as  spasm  of  the  smaller  bile  ducts  or  actual  reflex  inhi- 
bition of  the  hepatic  epithehal  secretion  must  for  the  present  be  left 
an  open  question. 

In  conclusion  we  may  repeat  that  the  only  active  cholagogues  are 
bile  or  bile  salts.  A  number  of  drugs  are  proposed  as  cholagogues 
by  a  host  of  investigators  but  when  we  examine  the  experimental  data 
we  find  minimal  fluctuations  caused  by  a  variety  of  drugs — saUcylates, 
chloral  hydrate,  soaps,  acids,  albumoses,  etc.,  etc.  If  cholagogue 
action  is  present  it  is  slight,  or  delayed  or  transient  and  is  usually  less 
than  can  be  demonstrated  as  due  to  food  factors  (meat,  for  example). 
Such  cholagogue  reactions  fade  by  comparison  with  the  reaction  caused 
promptly  by  bile  salts.  This  reaction  is  constant  and  lasting  and  of 
striking  volume.  When  claims  are  made  that  a  substance  is  a  chola- 
gogue it  should  always  be  measured  by  the  standard  of  the  only  known 
active  cholagogue  (bile  salt)  and  to  date  all  such  substances  fail  when 
so  tested. 

Cholesterol,  phosphatids,  fats,  soaps:  Cholesterol  appears  to  be 
the  most  important  member  of  this  group  and  this  is  to  be  explained 
in  part  by  the  fact  that  cholesterol  is  such  an  important  constituent 
of  gall  stones.  The  formation  of  biUary  calculi  is  of  much  concern  to 
physiologist,  pathologist  and  surgeon.  Experimental  work  with 
cholesterol  will  be  greatly  furthered  by  an  accurate,  rapid  and  simple 
analytical  method  but  as  yet  this  method  is  not  available.  The  bile 
acids,  bile  pigments  and  lecithin  are  sources  of  trouble  in  adapting 
methods  to  cholesterol  analysis  in  bile. 

Suggestions  as  to  the  source  of  cholesterol  may  not  as  yet  have 
exhausted  all  the  possibilities  but  their  number  is  legion  and  the  writer 
will  mention  but  a  few.  Stadelmann  (51)  suggests  its  origin  from  the 
bile  duct  epithelium  and  degenerating  liver  cells.  He  could  find  no 
evidence  for  increase  in  the  bile  following  cholesterol  feeding.  On  the 
contrary,  Fasiani  (11)  reports  an  increase  in  bile  cholesterol  in  bile 
fistula  dogs  after  intravenous  injection  of  large  amounts  of  cholesterol. 
It  is  fair  to  say  that  the  rise  is  only  from  an  average  of  5  mgm.  per  day 
to  about  13  mgm.  per  day  after  a  dose  of  1,7  grams  intravenously.  It 
is  obvious  that  only  a  very  small  part  of  the  cholesterol  so  given  is 
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excreted  promptly  in  the  bile.  Fasiani  claims  an  important  relationship 
between  the  blood  and  bile  cholesterol — any  excess  in  the  blood  being 
excreted  in  the  bile.  We  cannot  see  the  evidence  to  establish  this 
point. 

Feeding  experiments  by  D'Amato  (6)  give  similar  results  but  he  uses 
ox  brain  and  eggs  in  the  food  to  give  the  excess  of  cholesterol — about 
5  to  6  grams  cholesterol  per  day.  This  great  excess  in  the  food 
increases  the  bile  cholesterol  from  6  mgm.  to  8  mgm.  per  day  and  he 
states  that  bile  is  evidently  not  the  chief  avenue  of  elimination  for 
cholesterol  in  the  food.  Stepp  (52)  placed  rats  and  dogs  on  a  lipoid- 
free  diet  for  a  number  of  weeks  and  records  a  fall  in  bile  cholesterol 
to  10  or  15  per  cent  of  normal  found  at  autopsy.  It  maj'  be  objected 
that  these  very  abnormal  diets  caused  systemic  abnormaUties  which 
were  responsible  for  this  low  cholesterol  level  rather  than  the  immediate 
lack  of  cholesterol  in  the  food.  Some  very  suggestive  experiments 
are  recorded  by  Gardner  and  Fox  (15).  They  report  in  man  on  standard 
diets  an  excess  of  excretion  over  cholesterol  intake.  Cholesterol  is  obvi- 
ously synthesized  in  the  body  if  these  observations  are  correct  and 
this  work  should  stimulate  further  investigation  in  this  field.  It 
would  be  very  desirable  to  know  whether  this  excess  excretion  is  present 
both  on  diets  poor  in  cholesterol  as  well  as  on  diets  rich  in  cholesterol. 

Among  others  Chauffard,  Laroche  and  Grigaut  (5)  have  suggested 
control  of  cholesterol  metabolism  by  the  adrenals.  They  believe  that 
the  adrenals  are  the  sources  of  cholesterol  and  control  the  body  supply. 
It  would  be  somewhat  difficult  to  disprove  this  possibility  but  the 
WTiter  can  find  no  proof  furnished  by  the  authors  that  the  adrenals 
control  cholesterol  metabolism  and  the  proof  should  come  from  the 
proponents  of  this  hypothesis.  Endocrine  control  of  every  body 
function  may  be  a  fact  but  much  of  the  present  enthusiasm  for  such 
explanation  unfortunately  has  little  or  no  ballast  of  solid  fact.  This 
type  of  ballast  is  sadly  needed  when  one  embarks  on  the  uncharted 
sea  of  endocrinology. 

We  find  reixjatcdly  the  statement  that  cholesterol  is  the  precursor 
of  the  bile  salts,  a«  noted  above.  Lifschutz  (28)  goes  so  far  as  to  claim 
that  bile  acids  are  derived  quantitatively  from  cholesterol.  Such 
claiius  are  usuallly  iiuuie  by  chemists  who  are  impressed  by  the  close 
chemiral  relutionKhip  which  i.s  known  to  exist  bcitween  cholesterol  and 
the  bile  acids.  Windaus  (05)  for  example  .shows  that  an  identical 
split  prrxluct  can  be  pro<lucod  by  hydrolysis  of  the  two  substances. 
PhyMioloKicul  experiments  do  not  support  this  claim  and  in  fact  exclude 
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the  possibility  that  bile  salts  in  body  metabolism  are  derived  from 
cholesterol.  The  experiments  of  D'Amato  (6)  and  Foster,  Hooper  and 
Whipple  (14)  are  convincing. 

The  cholesterol  content  of  human  bile  is  given  by  Nathan  (35)  and 
Rosenbloom  (44).  There  are  very  wide  variations  both  in  health 
and  disease.  Human  fistula  bile  contains  0.07  to  0.10  per  cent  choles- 
terol. Human  bile  at  autopsy  is  very  different  in  content  and  may 
vary  all  the  way  from  0.06  to  1.06  per  cent.  The  variations  are  as 
great  in  cases  with  normal  liver  findings  as  in  cases  with  liver  and 
biliary  tract  disease.  In  the  interpretation  of  analyses  of  gall  bladder 
bile  one  must  not  forget  the  remarkable  concentrating  power  of  the 
gall  bladder,  therefore  casual  analyses  of  such  bile  can  have  relatively 
little  significance  as  to  quantitative  values.  Cholesterol  excretion 
has  been  studied  by  means  of  the  duodenal  tube  but  there  are  serious 
limitations  to  this  method  when  applied  to  quantitative  analysis. 

To  sum  up,  we  may  give  the  few  facts  which  relate  to  cholesterol 
metabolism.  Lipoid-free  diets  may  be  associated  with  low  bile  choles- 
terol values.  Excess  feeding  of  cholesterol  gives  but  trivial  increases 
in  bile  cholesterol.  The  elimination  of  cholesterol  in  man  may  exceed 
the  cholesterol  intake,  indicating  a  production  of  this  suVjstance  in 
the  body.  The  cholesterol  content  of  human  bile  varies  within  wide 
limits  and  one  can  determine  no  uniform  relationship  to  disease.  It  is 
possible  that  diabetes  and  pregnancy  are  exceptions  to  this  statement. 
The  evidence  is  very  strong  that  there  is  no  physiological  relationship 
between  cholesterol  and  bile  acids.  It  is  suggested  by  various  writers 
that  cholesterol  results  from  secretion  of  the  biliary  tract  epithelium, 
from  liver  parenchyma  degeneration,  from  red  cell  disintegration, 
from  general  tissue  wear  and  tear,  from  food  cholesterol,  from  the 
adrenals  and  other  glands  of  internal  secretion,  etc.  Nobody  has  as  yet 
suggested  that  cholesterol  is  derived  from  the  wear  and  tear  of  the 
cerebral  cortex  under  the  stress  of  environmental  conditions! 

Lecithin  has  been  found  in  specimens  of  bile  analyzed  by  chemists. 
This  applies  to  human  and  animal  bile.  Rosenbloom  (44)  gives  figures 
for  many  such  analyses.  Lecithin  is  reported  usually  as  less  in  per- 
centage content  of  the  bile  than  given  for  cholesterol  but  Rosenbloom 
finds  more  lecethin  than  cholesterol.  The  values  given  for  human 
bile  vary  from  0.05  to  6.4  grams  per  1000  cc.  bile.  The  bile  of  herbivora 
appears  to  contain  less  lecithin  than  does  human  bile  (43).  Extraction 
and  analysis  of  lecithin  in  bile  is  very  difficult.  Long  and  Gephart 
(29)  have  emphasized  the  tenacious  union  which  exists  between  bile 
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acids  and  lecithin  and  it  is  very  difficult  to  separate  these  two  substances 
by  extraction  methods. 

Jecorin  has  been  found  in  bile  but  recent  work  of  Levene  indicates  that 
this  substance  is  a  mixture  of  two  phosphatides,  lecithin  and  cephalin. 
Levene  (27)  reviews  evidence  that  lecithin  from  the  liver  is  different 
structurally  from  egg  lecithin  but  this  liver  lecithin  may  or  maj^  not 
be  identical  with  the  bile  lecithin.  The  writer  perhaps  has  made  it 
clear  that  there  is  plenty  of  work  yet  to  be  done  before  an  under- 
standing of  the  origin  and  significance  of  lecithin  in  the  bile  may  be 
approximated. 

Soaps  and  fats  are  always  reported  as  present  in  chemical  analyses 
of  bile.  In  many  analyses  we  find  the  ether  extractions  lumped 
together.  We  know  of  no  experimental  observations  to  give  infor- 
mation as  to  normal  or  abnormal  fluctuations  in  the  fat  or  soap  content 
of  the  bile.  Few  if  any  suggestions  as  to  the  source  of  such  substances 
have  been  made  by  the  workers  in  this  field.  We  may  conclude  that 
our  ignorance  on  this  subject  is  approximately  100  per  cent. 

Mineral  constituents.  So  far  as  is  known,  the  salts  are  mainly 
chlorides  of  sodium  and  potassium,  and  phosphates  of  calcium,  magne- 
sium and  iron.  There  are  traces  of  copper  and  traces  or  no  sulphates. 
Inorganic  substances  in  human  bile  are  given  as  0.6  to  1.1  per  cent,  but 
concentrated  bladder  bile  may  be  nmch  higher  in  salt  content. 

Iran  elimination  in  the  bile  has  been  much  studied  and  it  is  fair  to 
say  that  there  are  wide  differences  of  opinion.  Some  workers  deny 
the  presence  of  iron  in  bile  but  they  are  in  the  minority.  Some  workers 
claim  that  iron  elimination  is  much  influenced  by  food  iron  intake. 
Leone  (26)  claims  that  in  bile  fistula  dogs  the  normal  level  of  iron 
secretion  (4.2  to  8.2  mgm.  per  100  cc.  bile)  can  be  raised  on  a  diet 
rich  in  iron  in  protein  combination  to  a  level  of  22.8  mgm.  per  100  cc. 
bile.  He  finds  less  increase  on  subcutaneous  administration  and  a 
negative  reaction  on  giving  inorganic  iron  by  mouth.  The  body 
metabolifitn  of  iron  is  certainly  not  completely  understood  and  infor- 
mation iH  very  much  to  be  desired.  A  study  of  the  cau.ses  of 
fluctuation  of  iron  excretion  in  the  bile  will  surely  give  information  of 
much  value. 

Kxcretion  of  the  chlorides  and  phosphates  in  the  bile  has  been  very 
little  Htiulic*!  but  there  iH  evidence  that  these  salts  in  the  bile  have 
BTMuo  HJgniflcance.  We  may  give  an  illustration.  Bile  fistula  dogs 
under  olMW'rvntion  for  many  monthH  very  often  d(»velop  bouy  ahnor- 
malitiea.     The  eflNentiat  feature  of  thiK  condition  appears  to  be  a  loss 
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of  inorganic  salts  from  the  bones  with  a  great  thinning  of  all  bones, 
and  spontaneous  fractures  of  ribs  and  long  bones.  This  indicates  a 
great  loss  of  salts  from  the  body  presumably  in  part  through  the  bile 
and  a  lack  of  power  of  assimilation.  We  hope  to  report  the  complete 
mineral  metabolism  of  these  dogs  in  the  near  future.  Another  of  the 
many  curious  factors  concerned  in  this  condition  is  the  observation 
that  the  addition  of  cooked  Uver  to  the  usual  diet  will  prevent  the 
development  of  this  condition.  The  main  point  we  wish  to  make  is 
that  the  bile  excretion  in  bile  fistula  dogs  may  be  concerned  with  the 
mineral  metabolism  of  the  body  and  bony  framework. 

Miscellaneous.  Urea  is  always  present  in  bile  and  usually  in  the 
same  concentration  as  found  in  the  blood  and  tissues.  It  is  probable 
that  its  uniform  distribution  in  all  the  body  protoplasm  and  fluids  is 
sufficient  explanation  for  its  presence  in  the  bile. 

Enzymes  of  various  sorts  are  reported  as  present  in  the  bile  and  these 
may  or  may  not  be  associated  with  the  activity  of  the  specific  hepatic 
or  biliary  epithelium. 

Ethereal  sulphates  and  glucuronates  are  found  in  bile  but  the  reason 
for  this  is  not  understood.  It  is  probably  related  to  the  recognized 
conjugating  power  of  the  liver  epithelium  (38). 

Mucin  is  present  in  varying  amounts  in  bile  and  is  thought  to  be  a 
secretion  of  the  gall  bladder  epithelium.  This  substance  is  a  nucleo- 
protein.     The  significance  of  this  substance  in  the  bile  is  not  understood. 

Gall  bladder  and  bile  ducts.  The  interrelation  between  the 
gall  bladder,  the  bile  ducts  and  the  flow  of  bile  has  been  the  subject  for 
many  dissertations.  It  'was  recognized  that  bladder  bile  was  much 
more  concentrated  than  duct  bile  but  it  was  debated  whether  this  was 
due  to  absorption  of  water  in  the  gall  bladder  or  the  addition  of  solids 
by  the  bladder  epithelium.  Rous  and  McMaster  (45)  have  answered 
some  of  these  questions  by  means  of  carefully  controlled  experiments. 
They  show  a  remarkable  power  of  bile  concentration  inherent  in  the 
gall  bladder  which  in  the  dog  caij  concentrate  whole  bile  to  I  or  iV 
the  original  volume  during  a  24-hour  period.  Simple  passage  through 
the  gall  bladder  may  concentrate  whole  bile  to  ^  or  j  its  original  volume. 
Rous  and  McMaster  (46)  further  studied  pure  secretion  of  hepatic  duct 
epithelium  and  found  it  to  be  water  clear,  of  low  specific  gravity,  con- 
taining traces  of  cholesterol. 

Periodic  discharge  of  bile  from  the  gall  bladder  has  been  assumed  but 
Httle  studied.  Recently  experiments  have  been  performed  to  throw 
Hght  on  this  question  by  the  use  of  dyes  introduced  into  the  gall  bladder 
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(1).  In  dogs  it  was  found  that  irritation  of  duodenal  mucosa  called  out 
a  flow  of  duct  bile  but  not  gall  bladder  bile,  as  has  been  assumed  by 
many  investigators  using  the  duodenal  tube  and  bile  analysis.  Stimu- 
lus of  various  nerves  and  even  the  wall  of  the  gall  bladder  called  forth 
no  response  and  outpouring  of  bladder  bile.  Dyes  introduced  into  the 
gall  bladder  were  found  after  1  to  3  days  but  not  after  7  days.  All 
this  indicates  a  slow  and  very  irregular  filling  and  emptying  of  the 
gall  bladder  and  our  knowledge  as  to  the  controlling  factors  is  obviously 
very  fragmentary. 

Bile  secretion.  The  flow  of  bile  in  most  animals  with  or  without 
gall  bladders  is  fairly  continuous.  There  are  periodic  fluctuations  in 
bile  flow  and  bile  production  which  may  depend  upon  sphincter  con- 
trol of  the  bile  papilla,  stinmlation  of  the  duodenal  epithehum,  food 
factors,  nerve  stimuli,  vascular  changes,  etc.  When  an  investigator 
attempts  to  determine  which  single  factor  is  concerned  in  any  given 
bile  flow  reaction  there  is  indeed  need  for  caution  and  guarded  conclu- 
sions. 

The  amount  of  bile  produced  varies  witli  many  factors — known  and 
unknown.  Much  recorded  data  from  human  bile  fistula  cases  is 
available  (Stadelmann  (51),  Pfaff  and  Balch  (39)  and  others).  The 
volume  in  such  cases  may  vary  from  500  to  1000  cc.  per  24  hours.  A 
great  amount  of  data  on  bile  fistula  dogs  is  available  and  some  of  these 
facts  have  been  reviewed  recently  by  Wisner  and  Whipple  (66) .  Collec- 
tions of  bile  for  24  hours  in  ()-hour  samples  show  a  number  of  interest- 
ing details.  One  is  surprised  to  note  little  if  any  decrease  in  bile  flow 
during  night  periods.  These  bile  fistula  dogS  show  no  constant  varia- 
tion in  bile  pigment  excretion  (hiring  the  difTerent  6-hour  periods.  There 
arc  considerable  variations  in  pigment  output  but  the  reasons  for  such 
variations  are  not  clear.  Bile  acid  production  is  much  higher  on  a 
meat  diet  than  on  carbohydrate  feeding,  as  noted  above.  On  a  meat 
diet  one  notes  a  slight  falling  off  in  bile  acid  secretion  during  some  of 
the  night  periods  but  this  is  not  ho  evident  in  the  carbohydrate  feeding 
experiments.  For  these  dogs  the  volume  output  per  24  hours  averages 
between  10  and  20  cc.  per  kilo  body  weight. 

The  Hecrelion  pressure  of  the  l)ile  is  low  iti  all  animals.  Values  of 
210  to  375  nun.  bile  are  recorded  for  dogs  and  cats  by  Herring  and 
Simiwon  (10)  in  acute  bile  duct  obstruction.  Similar  values  are  re- 
[X)rte<l  by  Mitchell  and  Stifel  (34)  in  cats  and  dogs  after  chronic  ob- 
frtructions  of  2  to  6  dayH.  Similar  observations  in  Imman  pMlieiits 
have  Iwen  rfronlcl  by   l^)hif zrhck  find  Turolt  (42).     The  pressure 
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in  such  cases  was  210  to  270  mm.  bile.  Various  drugs  like  atropin  or 
pilocarpin  have  little  or  no  effect  upon  this  level  of  secretion  pressure. 
Evidently  there  is  a  pressure  level  (commonly  210  to  300  mm.  of  bile) 
at  which  bile  secretion  and  bile  absorption  are  in  equilibrium. 

This  obstruction  pressure  does  not  in  any  sense  inhibit  the  production 
of  bile  and  it  is  common  knowledge  that  the  bile  constituents  promptly 
appear  in  the  blood  and  urine.  This  results  in  a  cUnical  condition  of 
icterus  which  does  not  concern  us  at  this  time.  We  may  inquire  as 
to  the  escape  of  the  bile  constituents  from  the  bile  passages  in  biliary 
obstruction.  Mendel  and  Underbill  (33)  gave  experimental  evidence 
that  dyes  and  chemicals  injected  into  the  bile  passages  escape  by  way 
of  the  blood  stream  and  only  incidentally  by  way  of  the  lymphatics. 
Whipple  and  King  (03)  gave  proof  that  the  bile  pigments  in  biUary 
obstruction  escape  promptly  by  means  of  the  blood  stream  and  appear 
in  the  urine.  This  reaction  was  not  modified  by  a  thoracic  duct  fistula 
and  the  bile  pigments  appeared  more  promptly  in  the  urine  than  in 
the  thoracic  duct  lymph  after  a  biliary  obstruction  in  the  dog.  We 
may  conclude  that  during  biliary  obstruction  the  absorption  of  the  bile 
constituents  is  effected  mainly  by  the  liver  blood  capillaries  and  only 
to  a  slight  extent  by  the  lymphatics. 

Bile  flow  necessary  for  life?  The  question  as  to  the  necessity 
of  bile  to  normal  life  and  function  may  be  answered  in  the  affirmative. 
There  may  be  doubts  in  the  minds  of  physiologists  and  clinicians  as 
to  whether  obstruction  of  bile  or  deviation  of  bile  from  the  intestine 
to  the  exterior  (fistula)  will  invariably  give  fatal  results.  We  believe 
the  evidence  is  becoming  more  convincing  that  bile  is  a  necessary  life 
factor.  To  be  sure  we  observe  human  beings  with  long-standing  ob- 
struction who  live  months  and  "die  of  cancer."  But  it  is  not  easy  to 
state  the  cause  of  death  in  such  cases  nor  simple  to  predict  what  would 
have  been  the  story  in  the  absence  of  the  tumor  complication. 

Bile  fistula  animals  appear  to  tolerate  the  exclusion  of  bile  over  con- 
siderable periods  of  time  without  serious  impairment  of  health.  Diet 
is  an  important  factor  in  this  equation.  For  example,  a  fistula  dog 
will  usually  die  within  2  months  with  acute  intestinal  disturbance  if 
kept  on  an  ordinary  diet  of  kitchen  scraps.  A  diet  of  milk,  cooked 
potatoes,  rice  and  bread  will  prolong  life  considerably  and  such  dogs 
may  live  in  good  condition  for  4  to  10  months  and  die  with  advanced 
bony  abnormalities,  as  noted  above.  Abnormal  pigment  disturbances 
and  true  purpura  with  fatal  hemorrhage  may  develop  in  such  dogs. 
Addition  of  cooked  liver  to  the  above  diet  will  usually  improve  the 
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condition  and  prolong  the  period  of  health  in  these  fistula  dogs  but 
they  are  apt  to  suffer  at  times  from  some  of  the  conditions  noted  above. 

Bile  fistula  dogs  with  tiny  fistulous  tracts  connecting  with  the  duode- 
num may  live  for  long  periods  in  perfect  health  and  function.  The 
amount  of  bile  gaining  entrance  to  the  duodenum  is  very  small  and  can 
scarcely  exceed  10  or  20  per  cent  of  the  total  flow  which  escapes  through 
the  external  fistula.  This  shows  how  little  bile  may  serve  to  change  the 
entire  clinical  picture  from  abnormal  to  normal.  The  same  amount  of 
bile  by  mouth  will  not  have  any  similar  effect. 

We  feel  safe  in  concluding,  with  certain  minor  reservations,  that 
secretion  of  bile  into  the  intestine  is  necessary  for  normal  health  and 
even  for  actual  continuation  of  Ufe  beyond  a  few  months'  period. 
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NOX-PROTEIN  NITROGEN  OF  BLOOD  IN  HEALTH  AND 

DISEASE 

OTTO  FOLIN 
Department  of  Biological  Chemistry,  Harvard  Medical  School,  Boston 

It  has  been  known  for  nearly  a  hundred  years  that  patients  suffering 
from  Bright's  disease  must  be  poisoned  by  their  own  waste  products. 
These  patients  often  passed  little  or  no  urine,  and  from  them  emanated 
the  characteristic  odor  of  decomposed  urine,  so  that  it  did  not  require 
an3'  unusual  degree  of  scientific  imagination  to  recognize  the  fact  that 
the  blood  and  tissues  of  these  subjects  must  be  loaded  with  the  materials 
which  normally  find  their  way  into  the  urine.  For  many  decades  the 
subject,  nevertheless,  did  not  progress  very  far  beyond  the  concept 
conveyed  in  the  term  uremia.  All  attempts  to  show  that  the  uremic 
coma  is  due  to  any  specific  urinary  ingredient,  such  as  urea,  ammonia, 
potassium  or  the  "extractives,"  were  failures;  nor  did  the  investiga- 
tions purporting  to  elucidate  such  specific  causal  connections  particularly 
advance  the  available  knowledge  concerning  the  chemical  composition 
of  blood  in  Bright's  disease,  in  other  diseases,  or  in  health.  The  early 
chemical  proofs  that  normal  blood  contains  urea  were  necessarily  crude 
and  would  probably  never  have  been  accepted  as  proofs  at  all,  if  it  had 
not  been  for  the  fact  that  the  presence  of  urea  was  on  a  priori  grounds 
80  probable  that  no  one  seriously  questioned  it.  Such  tests  as  the 
identification  of  urea  nitrate  crystals  (Schmidt,  1846),  or  the  change  in 
form  of  sodium  chloride  crystals  produced  by  liie  presonco  of  urea 
(1840-1855)  were,  of  course,  not  capal^le  of  advancing  the  sul)ject. 

It  is  scarcely  worth  while  to  try  to  sift  the  intricate  mixture  of  illusion, 
correct  ol)8ervation.s,  and  correct  guesses  which  is  represented  in  the 
early  literature  alike  of  the  clinical  investigators  and  the  metabolism 
workers.  Their  reasoning  power  was  necessarily  much  superior  to  their 
analytical  skill  or  their  meager  labonilory  f.-M-ilities,  and  tluMr  juialyli- 
cal  data  could  have  been  little  more  than  mere  ornaments  attached 
to  good,  logical  conclusions.  The  figures  for  some  constituents  might 
!k»  fairly  necurate;  reasonably  plausible  figures  for  the  urea  content  of 
diffeiciiJ  kiiulH  of  blood  were  publislied  :iM  early  as  1850  to  1800. 

■MO 
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The  correctness  of  the  concept  that  waste  products  must  accumulate 
in  the  blood  when  the  kidneys  fail  to  perform  their  function  in  the  for- 
mation of  urine  was  established  as  early  as  1821,  when  Prevost  and 
Dumas  showed  that  extirpation  of  the  kidneys  was  followed  by  a  gradual 
increase  of  the  urea  content  of  the  blood — a  finding  repeatedly  verified 
by  other  well-known  investigators  during  several  following  decades. 

Many  recognized,  of  course,  that  little  progress  could  be  made  on 
the  basis  of  qualitative  tests  for  urea  or  other  urinary  constituents  in 
the  blood,  but  it  was  one  thing  to  see  the  need  of  suitable  methods  and 
quite  another  to  find  them.  The  earliest  quantitative  methods,  bor- 
rowed from  the  field  of  urine  analysis,  such  as  weighing  the  isolated  urea 
nitrate,  or  Liebig's  mercuric  oxide  titration,  or  the  laborious  CO2 
method  of  Bunsen,  were  elusive  tools  in  the  hands  of  early  nineteenth 
century  clinicians.  Kjeldahl's  method  for  the  determination  of  nitro- 
gen did  not  come  out  until  1883,  and  before  the  discovery  of  that 
method  there  can  scarcely  be  said  to  have  existed  the  possibility  of 
acquiring  any  comprehensive  information  concerning  retention  or  the 
normal  levels  of  the  non-protein  nitrogenous  products  in  blood.  The 
older  Knop-Hiifner  hypobromite  method,  in  the  form  of  innumerable 
modifications,  was  assiduously  applied  for  many  years  after  it  had  been 
abandoned  by  the  chemists.  This  method  is  in  fact  still  used  in  some 
places,  notably  in  France.  And,  inaccurate  as  it  is,  it  doubtless  did 
good  service,  at  least  to  the  extent  of  keeping  up  interest  in  the  problem 
of  urea  retention  in  nephritis.  Widal's  work  is  still  largely  based  on 
urea  determinations  obtained  by  means  of  the  hypobromite  process. 

While  Kjeldahl's  ingenious  method  supplied  a  sound  basis  for  reliable 
determinations  of  the  nitrogen,  not  only  in  blood,  but  in  all  kinds  of 
biological  material,  its  application  to  the  study  of  the  non-protein 
nitrogen  in  blood  was  neither  particularly  extensive  nor  particularly 
fruitful  until  Strauss  (1)  in  1902  made  his  well-known  attempt  to  clas- 
sify the  various  forms  of  nephritis  partly  on  the  basis  of  the  amounts 
of  non-protein  nitrogen  found  in  a  large  number  of  such  patients. 
Strauss  worked  with  blood  serum.  This  comparatively  early  contribu- 
tion of  Strauss  is  now  perhaps  only  of  historical  importance,  as  iL 
has  been  replaced  by  more  detailed  and  accurate  classifications,  such 
as  those  of  Volhard  (2),  in  which  due  attention  is  given  to  the  rest-N 
of  the  blood.  A  detailed  account  of  these  important  studies  of  various 
forms  of  nephritis  does  not  come  within  the  scope  of  this  article  because 
they  are  predominantly  cUnical. 
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The  expression  "non-protein  nitrogen"  has  of  late  replaced  the  earlier 
term  "uncoagulable  nitrogen/'  while  some  writers  have  used  the  non- 
descript expression  "rest-nitrogen."  The  terminology  used  is  as  yet 
of  minor  importance  because  it  is  not  at  present  possible  to  describe 
all  the  nitrogenous  products  present  in  the  filtrates  used  for  analysis; 
and  those  products,  moreover,  differ  to  an  appreciable  extent  according 
to  the  methods  used  for  removing  the  colloidal  protein  materials.  These 
differences  in  the  total  non-protein  nitrogen  of  filtrates  obtained  by 
different  methods  of  removing  the  albuminous  materials  are  interest- 
ing, for  all  the  methods  in  common  use  do  remove  the  coagulable  pro- 
teins and  do  leave  in  the  filtrate  the  common  waste  products  (or  at 
least  the  urea) ,  as  well  as  the  amino  acids.  The  different  values  given 
by  different  processes  for  obtaining  the  filtrates  indicate,  therefore, 
that  there  are  present  in  blood  some  products  which  are  partly  thrown 
down  together  with  coagulable  proteins  and  partly  escape  precipita- 
tion, and  that  the  extent  to  which  this  is  the  case  depends  on  the 
character  of  the  method  used  for  precipitating  the  proteins. 

Abel  (3)  has  obtained  results  indicating  that  these  unknown  products 
give  certain  protein  reactions,  and  he  suggests  that  they  are  peptones; 
while  Folin  and  Berglund  (4)  have  pointed  out  that  since  the  products 
are  more  abundant  in  corpuscles  than  in  plasma  the  products  may  be- 
long to  the  histones.  Neither  of  these  interpretations  covers  the 
important  fact  that  the  unknown  nitrogenous  products  in  blood  filtrates 
are  greatly  increased  in  bloods  in  which  there  is  excessive  retention  of 
nitrogen,  for  in  such  bloods  the  undetermined  nitrogen  is  even  more 
abundant  in  the  plasma  than  in  the  corpuscles.  These  facts  are  re- 
ferred to  here  only  to  emphasize  the  point  that  it  is  not  possible  at  present 
accurately  to  define  the  nitrogenous  materials  contained  in  the  blood 
filtrates  by  means  of  which  we  study  the  "uncoagulablc  nitrogen" 
the  "non-protein  nitrogen"  or  the  "rest  nitrogen"  of  blood.  The  prod- 
ucts contained  in  these  filtrates  can  be   classified    in   three   groups: 

A.  The  nitrogenous  waste  products. 

B.  Abftorl)ed  nitrogenous  food  materials. 

C.  Undetermined  materials,  including  some  undetermined  waste 
productfl,  some  undetermined  absorbed  food  products,  and  in  addition 
some  proiluctH  of  unknown  origin.  ' 

It  may  bo  pointed  out  that  the  modern  interest  in  the  non-protein 
nitrogen  of  blood  aH  an  essential  factor  in  the  interpret aticm  of  normal 
protein  metalK)liKni  wiih  revived  about  the  same  titne  as  the  clinical 
importance  of  nitrogen  retention  In'gan  to  take  on  jidded  interest  throngh 
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TABLE  !• 
Sample  analyses  of  protein-free  blood  filtrates  obtained  by  means  of  tungstic  acid 


MOM.  PER  100  CC.  BLOOD 

NUMBER 

Total  N 

Urea  N 

Uric  acid 

Preformed 
creatinine 

Total 
creatinine 

Sugar 

1 

26 

10 

1.3 

1.5 

6.0 

89 

2 

26 

13 

1.0 

1.4 

5.3 

100 

3 

28 

12 

1.1 

1.2 

6.7 

98 

4 

28 

12 

2.2 

2.0 

5.7 

83 

5 

29 

13 

3.3 

1.5 

6.0 

86 

6 

29 

11 

2.6 

1.4 

5.2 

95 

7 

29 

13 

1.6 

1.4 

6.0 

85 

8 

30 

13 

2.4 

1.6 

5.5 

82 

9 

30 

14 

4.1 

1.7 

5.3 

82 

10 

32 

15 

2.8 

1.6 

5.4 

91 

11 

32 

15 

3.4 

1.4 

5.3 

97 

12 

32 

13 

2.4 

1.7 

6.0 

IM 

13 

33 

17 

2.0 

1.3 

4.8 

83 

14 

33 

16 

2.5 

1.6 

5.7 

105 

15 

33 

15 

1.1 

1.6 

5.5 

95 

16 

34 

16 

0.8 

1.3 

6.1 

119 

17 

34 

16 

2.6 

1.5 

5.9 

106 

18 

35 

17 

2.1 

1.6 

6.0 

89 

19 

35 

17 

2.0 

1.4 

5.5 

77 

20 

35 

18 

2.0 

1.7 

5.7 

86 

21 

35 

18 

2.9 

1.6 

5.8 

95 

22 

35 

17 

3.2 

1.4 

5.5 

94 

23 

35 

18 

2.5 

1.5 

6.0 

89 

24 

35 

19 

2.2 

1.5 

5.3 

91 

25 

35 

22 

3.5 

1.4 

5.7 

87 

26 

35 

17 

2.3 

6.7 

6.7 

83 

27 

35 

18 

1.6 

1.3 

6.5 

104 

28 

36 

17 

2.8 

1.5 

5.2 

100 

29 

37 

IS 

2.1 

1.5 

5.5 

94 

30 

38 

18 

2.2 

1.7 

5.4 

95 

31 

39 

18 

2.6 

1.8 

6.7 

103 

32 

39 

18 

2.9 

1.5 

6.0 

87 

33 

40 

18 

2.0 

1.6 

6.0 

98 

34 

40 

20 

2.6 

1.7 

5.6 

95 

35 

41 

19 

4.8 

1.5 

5.9 

93 

36 

41 

19 

4.2 

2.5 

6.6 

109 

37 

43 

19 

2.2 

1.7 

6.3 

78 

38 

139 

106 

5.4 

12.5 

19.4 

99 

39 

147 

115 

8.9 

11.0 

20.5 

170 

40 

275 

237 

14.3 

13.6 

27.2 

157 

*  Folin  and  Wu:  Journ.  Biol.  Chem.,  1919,  xxxviii,  109. 
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TABLE  2* 

Normal  minimum,  maximum  and  average  blood  content  of  non-protein  nitrogenous 

products  {from  12  young  men) 


After  a  night's  fast 

Minimum 

Maximum 

Average 

After      carbohydrate 
intake 
Minimum 


WHOLE  BLOOD 
PER  100  CC. 


mgm. 

5.7 

7.8 
6.4 


4.9 


mgm. 

8.9 
15.2 
11.6 


8.0 


10.1 
17.5 
13.7 


6.4 


mgm. 

27.8 
39.4 
32.1 


21.0 


PL.\SMA  PER  100  CC. 


4.3 
6.2 
6.3 


3.5 


mgm. 

9.6 
17.3 
12.4 


9.2 


mgm. 
1.8 

11.5 
6.7 


1.8 


18.0 
30.0 
24.7 


17.0 


CORPUSCLES 
PER  100  CC. 


mgm. 

6.7 

10.7 

8.2 


5.9 


7.7 
13.2 
10.3 


5.2 


mgm. 

18.3 
33.8 
24.7 


9.0 


mgm. 

37.7 
55.0 
43.6 


24.8 


♦  Folin  and  Berglund:  Journ,  Biol.  Chem.,  1922,  11,  415. 


T.\BLE  3 

IlluBtrating  substantial  uniformity  in  the  retention  of  the  several  nitrogenous 

UHiste  products  (Not  previously  published) 


WHOLE  BU>OD  PER  100  CC. 

PLASMA  PER  lOOcC. 

CORPUSCLES  PER  100  CC. 

z 

z 

z 

Z 

Z 

Z 

Z 

1 

•1 

p 

z 

1 

B 

? 

z 

a 

•o 

a 

■o 

c. 

"O 

a 

& 

1 

z 

i 

^ 

s 

z 

5 

'I 

1 

B 
O 
B 

Z 

•3 

s 

i: 

0 
B 

*8 

t 

1 

•s 

I 

"e 

t 

t 

1 

■fl 

§ 

t 

c 

•c 

B 

1 

Si 

< 

s 

p 

P 

H 

< 

D 

U 

tj 

P 

f- 

< 

iJ 

O 

D 

D 

H 

8 

vol. 

mg. 

ffV. 

mg. 

mg. 

»»v. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

flV. 

m0, 

WV. 

mg. 

mtr. 

mg. 

mg. 

par 
cent 

1 

6.0 

13 

1.8 

3.7 

19 

39 

4.3 

13 

1.8 

3.7 

20 

39 

5.9 

13 

1.8 

3.7 

18 

39 

45 

2 

6.4 

49 

2.0 

4.6 

7.4 

65 

6.8 

47 

2.3 

6.4 

18 

74 

7.2 

52 

1.6 

1.6 

51 

40 

3 

4.fi 

49 

3.0 

4.7 

22 

78 

3.6 

62 

3.0 

6.1 

18 

77 

7.4 

41 

3.0 

0.9 

31 

81 

27 

4 

6.8 

60 

7.7 

4.8 

37 

107 

6.4 

71 

8.1 

68 

21 

103 

7.2 

26 

6.6 

0 

86 

122 

23 

A 

7.6 

91 

7.2 

6.4 

41 

144 

6.2 

100 

8.1 

9  8 

23 

144 

11. S 

38 

4.4 

0 

93 

144 

25 

6 

8.4 

174 

12.9 

13.6 

76 

267 

7.6 

214 

14.6 

18.4 

62 

286 

9.7 

113 

10.5 

6.1 

109 

238 

39 

7 

7.3 

193 

16.0 

12.0 

48 

268 

7.3 

234 

19.2 

21.0 

61 

806 

7.3 

138 

11.7 

0 

43 

193 

42 
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the  publicalions  of  Strauss.  In  1902  Kutscher  (5)  had  every  reason  to 
believe  that  protein  is  absorbed  from  the  digestive  tract  in  the  form  of 
amino  acids,  because  he  had  previously  proved  that  the  tryptic  diges- 
tion stops  only  with  the  complete  transformation  of  protein  into  its 
component  amino  acids.  Experimentally  Kutscher  nevertheless  failed 
to  find  any  evidence  for  an  increase  in  the  amino  acid  content  of  blood 
during  active  digestion,  and  he  explained  his  negative  results  by  accept- 
ing the  prevalent  doctrine  of  protein  regeneration  in  the  walls  of  the 
intestine.  Cohnheim  (6)  found  another  strong  reason  for  believing 
that  the  protein  must  reach  the  blood  as  amino  acids  when  he  dis- 
covered erepsin,  but  experimentally  he  also  was  unable  to  trace  the 
absorbed  nitrogenous  materials  into  the  blood.  Abderhalden  (7) 
likewise  failed  and  explained  his  negative  results  as  Kutscher  had  ex- 
plained his.  For  a  decade  following  the  work  of  Kutscher  and  of  Strauss 
more  or  less  work  was  done;  but  very  little  was  added  to  the  findings 
reported  by  Strauss,  and  nothing  to  those  of  Kutscher.  The  under- 
lying ideas  survived,  but  experimentally  the  field  remained  unproductive. 

In  1912  Folin  and  Denis  (8)  described  colorimetric  methods  for  the 
determination  of  the  total  non-protein  nitrogen  and  for  the  urea  and 
ammonia  in  blood,  and  a  few  months  later  Van  Slyke  (9)  published  a 
method  for  the  determination  of  the  amino  acid  nitrogen.  In  1913 
appeared  the  first  colorimetric  method  for  the  determination  of  uric 
acid  in  blood :  and  the  following  year  analogous  methods  were  described 
for  the  determination  of  creatinine  and  creatine.  Imperfect  as  the 
earlier  forms  of  these  micro  methods  of  blood  analyses  were,  their 
application  revealed  at  once  fundamentally  important  facts,  which 
earlier  investigators  using  improvised  macro  methods  had  sought  but 
could  not  find. 

In  a  series  of  papers  entitled  'Protein  Metabolism  from  the  Standpoint 
of  Blood  and  Tissue  Analysis"  (1912-1914)  FoUn  and  Denis  (10)  traced 
the  nitrogen  of  simple  products,  urea,  amino  acids,  creatine  and  crea- 
tinine, through  the  walls  of  the  intestine  into  the  mesenteric  and  the 
portal  blood,  through  the  liver,  into  the  general  circulation,  and  into 
the  muscular  tissues.  They  also  showed  that  the  relatively  high  am- 
monia of  the  portal  blood  represented  practically  little  else  than  the 
absorption  of  ammonia  formed  by  putrefaction  in  the  large  intestine. 
The  clearing  up  of  this  point  was  important  in  that  it  removed  the 
chief  experimental  support  in  favor  of  the  now  discarded  theory  that 
the  deamination  process,  that  is  to  say,  the  hydrolytic  removal  of  the 
amino  groups  from  the  amino  acids,  was  localized  in  the  intestinal  mu- 
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cosa.  The  experimental  findings  of  Folin  and  Denis  have  on  the  whole 
been  accepted  as  established  facts,  but  some  of  their  interpretations 
have  not  fared  so  well.  In  connection  with  similar  experiments  made 
by  Van  Slyke  (11)  attention  was  drawn  to  the  fact  that  while  the  de- 
terminations of  Folin  and  Denis  disproved  the  current  theory  of  lo- 
calized deamination,  thej'  did  not  entirely  disprove  the  older  rival 
hypothesis  of  localized  protein  regeneration. 

By  means  of  his  now  so  well-known  method  for  the  amino  nitrogen 
determination,  Van  Slyke  abundantly  covered  all  that  was  missing  in 
the  evidence  of  FoUn  and  Denis.  Incidentally,  Van  Slyke  showed  that 
the  blood  always  contains  amino  acids,  and  furnished  the  first  depend- 
able figures  representing  this  fraction  of  the  non-protein  nitrogen.  In 
one  respect  Van  Slyke's  findings,  or  rather  interpretations,  differed 
from  those  of  Folin  and  Denis.  The  localized  deamination  process 
and  urea  formation  which  had  figured  so  extensively  in  the  hterature, 
particularly  American  literature,  during  the  preceding  decade  was  again 
revived,  but  was  transferred  from  the  walls  of  the  intestine  to  the  liver, 
an  organ  which  tme  after  time  has  been  represented  as  the  chief  seat 
of  the  urea  formation.  Van  Slyke's  interpretation  is  largely  based  on 
the  interesting  fact  that  the  Uver  takes  up  an  excessively  large  frac- 
tion of  ingested  or  injected  amino  acids  and  then  loses  this  charge  in  a 
relatively  short  time  (3  to  4  hours).  Van  Slyke's  interpretation  of  a 
localized  deamination  and  urea  formation  remained  without  serious 
contradiction  for  a  number  of  years. 

Very  recently,  however,  Folin  and  Berglund  (12)  have  advanced 
another  explanation  of  the  temporary  storage  of  amino  acids  in  the 
liver,  observed  by  Van  Slyke,  and  have  obtained  a  fresh  series  of  ana- 
lytical data  on  the  amino  acid  absorption  and  the  urea  accumulation, 
which,  in  their  opinion,  indicates  that  the  urea  formation  is  a  function 
of  all  mammalian  tissues,  and  is  not  predominantly  locjilizod  in  the 
liver.  Their  evidence  is  based  chiefly  on  data  showing  that  the  accumu- 
lation of  urea  in  the  general  venous  blood  never  precedes  the  accumu- 
lation of  amino  acids. 

The  question  of  the  liver  versus  all  the  tissues  in  \\\v.  body  as  the 
seat  of  the  urea  fornmtion  is  of  some  import auco  clinically,  quite  apart 
from  it«  place  in  the  science  of  nu^tabolism.  "Liver  function"  tests 
in  cirrhoeis  of  the  liver  based  on  diminiMhcd  urea  formation  or  excessive 
amino  acid  excretion  will  stand  in  uv.vA  of  careful  scrutiny  and  revisetl 
interpretation,  if  the  liver  is  not  normally  the  chief  scat  of  the  urea 
formation. 
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Ammonia.  In  its  major  aspects  the  character  of  the  normal  amino 
acid  metabolism  and  its  relation  to  the  phenomenon  of  nitrogen  equi- 
librium have  been  seemingly  definitely  settled  by  means  of  the  modern 
methods  for  detailed  analysis  of  the  non-protein  nitrogen.  But  new 
problems  are  constantly  coming  in  to  take  the  places  of  the  old.  Accord- 
ing to  the  deamination  process  there  should  be  no  difficulty  in  getting 
a  definite  and  true  picture  of  the  ammonia  formation  and  its  function 
to  neutralize  such  acids  as  are  formed  and  need  to  be  neutraUzed  in  the 
tissues.  If  deamination  and  urea  formation  is  not  a  localized  process, 
there  should  be  no  occasion  for  any  localization  for  the  neutraUzation 
of  acids  by  ammonia. 

The  results  which  have  been  obtained  in  determining  the  ammonia 
nitrogen  fraction  of  the  non-protein  nitrogen  have  not  been  in  good 
agreement  with  what  one  might  expect  from  the  quantities  of  ammonia 
which  are  found  in  the  urine.  The  24-hour  ammonia  nitrogen  in  the 
urine  is  usually  between  0.3  and  0.6  gram  in  the  case  of  normal  persons, 
and  in  diabetic  acidosis  this  anmionia  may  be  increased  as  much  as 
ten  times,  or  even  more.  Corresponding  to  such  variations  in  the 
ammonia  excretion  there  ought  to  be  unmistakable  variations  in  the 
ammonia  content  of  the  blood  filtrates,  even  though  anything  approach- 
ing a  constant  coefficient  is  not  to  be  expected. 

Because  of  the  extraordinary  difficulties  involved  in  the  determi- 
nation of  ammonia  in  blood  most  of  the  literature  on  the  subject  is 
taken  up  with  discussion  of  the  necessary  analytical  procedures,  and 
after  more  than  20  years  of  such  effort  there  is  still  no  generally  accepted 
method  available.  Obscure  points,  such  as  the  ammonia  content  of 
every  brand  of  potassium  oxalate  and  the  practical  impossibility  of 
removing  that  impurity  bj-^  recrj^stallizations,  the  persistent  presence 
of  ammonia  in  every  brand  of  ethyl  and  methyl  alcohol,  the  formation 
of  ammonia  in  the  blood  on  standing,  or  on  applying  heat — all  have 
contributed  to  the  publication  of  ammonia  values  for  blood  which 
differ  by  several  hundred  per  cent.  The  true  values  for  blood  remain, 
therefore,  uncertain;  and  the  uncertainty  is  increased  by  the  fact  that 
the  blood  of  man  yields  substantially  the  same  values  as  the  blood  of 
herbivorous  or  carnivorous  animals,  and  substantially  the  same  whether 
the  blood  comes  from  normal  persons  or  from  those  eliminating  exces- 
sive quantities  of  ammonia  with  the  urine.  The  expected  variations 
in  the  blood,  corresponding  to  known  variations  in  the  eUmination  so 
far  have  not  been  found. 


468  OTTO    FOLIN 

Nash  and  S.  R.  Benedict  (13)  have  lately  propounded  an  interesting 
explanation  of  the  origin  of  the  urinary  ammonia  which  would  account 
satisfactorily  for  all  the  observed  facts.  According  to  these  authors 
the  anmionia  which  finds  its  way  into  the  urine  is  produced  by  the 
kidneys.  The  ammonia  production  might  thus  be  pictured  as  another 
phase  of  the  regulatory  mechanism  in  that  organ  whereby  the  needed 
basic  materials  are  reserved,  partly  by  secretion  of  an  acid  urine  and 
partly  by  this  localized  production  of  anunonia.  Under  these  condi- 
tions the  amounts  of  ammonia  in  the  blood  have,  of  course,  practically 
nothing  to  do  with  the  quantities  excreted. 

The  explanation  offered  by  Nash  and  Benedict  is  not  merely  a  theory. 
It  is  supported  by  analytical  data  which  show  that  the  ammonia  of 
the  renal  vein  contains  more  ammonia  than  other  blood,  either  venous 
or  arterial.  Opinions  will  necessarily  differ  as  to  the  supporting  value 
of  the  experimental  data.  The  extra  ammonia  in  the  renal  vein  repre- 
sents an  over-production  or  a  lack  of  perfect  excretion  of  the  ammonia, 
and  is,  of  course,  not  at  all  an  accurate  index  to  the  total  ammonia 
formation  in  the  kidneys — a  point  clearly  recognized  by  the  authors. 

Nash  and  Benedict's  paper  gives  an  excellent  review  of  the  preceding 
literature.  The  one  paper  which  has  appeared  later,  Gad-Andersen's 
(14),  describes  another  method  for  the  determination  of  anunonia, 
but  there  is  no  reason  to  believe  that  this  latest  method  is  the  best, 
especially  as  the  results  obtained  are  said  to  agree  with  those  found 
by  Hcnriques  and  Christiansen's  method,  which  involves  the  use  of 
four  volumes  of  alcohol. 

It  is  clear  that  for  the  present  the  question  of  the  ammonia  content 
of  blood  can  have  no  bearing  on  any  clinical  problems. 

Urea.  Urea  in  blood  as  in  urine  is  quantitatively  by  far  the  most 
important  nitrogenous  product.  The  normal  variations  of  the  urea 
nitrogen  lie  between  8  mgin.  and  lo  uigm.  per  100  cc.  of  whole  blood. 
The  latter  figure  is  really  outside  the  normal,  unless  the  subject  is  on 
a  very  high  level  of  protein  metabolism.  In  connection  with  upper 
normal  values  it  should  be  pointed  out  that  these  values  may  persist 
for  2  or  3  duy.s  or  longer  after  the  protein  consumption  has  been  reduced. 
A  low  normal  level  is  therefore  not  necessarily  obtained,  because  the 
bioml  IK  taken  before  breakfast  in  the  morning. 

Ah  a  part  of  the  total  non-protein  nitrogen  of  human  l.)lood  the  lu-ea 
nitrogen  varicfl  under  normal  conditions  between  35  and  55  per 
cent.  The  projxirtion  falls  most  fre(juently  between  40  and  50 
per  cent,  but  the  variations  are  80  large  that  it  is  not  safe  lo  assume, 
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as  is  frequently  done,  that  the  urea  nitrogen  is  just  about  one-half 
of  the  total  non-protein  nitrogen.  In  nephritic  nitrogen  retentions 
the  increase  usually  involves  a  greater  increase  of  the  urea  than  of  the 
total  nitrogen,  and  the  per  cent  of  the  latter  represented  by  urea  may 
rise  up  to  70  per  cent. 

Since  the  introduction  of  the  urease  methods  for  the  estimation  of 
urea  (15),  (16)  this  determination  has  become  the  most  popular  in 
chemical  laboratories.  The  determination  is  unfortunately  by  no 
means  so  dependable  as  many  seem  to  think.  The  enzyme  employed 
is  exceedingly  sensitive,  is  occasionally  more  or  less  completely  inac- 
tivated, and  yields  values  that  are  too  low.  The  total  non-protein 
nitrogen  determination  represents,  therefore,  a  more  valuable  and  more 
dependable  process  for  the  study  of  nitrogen  retention  than  does  the 
urea  determination.  Both  normally  and  in  nitrogen  retentions  the 
urea  is  more  abundant  in  the  plasma  than  in  the  corpuscles.  The 
distribution  of  the  different  nitrogen  fractions  of  blood  is  illustrated 
by  the  table  given  on  pp.  463  and  464.  These  figures  were  recently 
obtained  by  Berglund. 

The  enormous  quantities  of  urea  which  can  accumulate  before  the 
uremic  patient  finally  dies  indicate  clearly  that  urea  is  not  toxic,  a 
fact  also  suggested  by  the  extraordinary  urea  content  found  normally 
in  the  blood  of  the  shark. 

The  simultaneous  determination  of  urea  in  blood  and  in  urine  has 
received  much  attention  in  recent  years  as  a  means  for  determining 
the  excretory  efficiency  of  the  kidneys.  This  line  of  investigation 
originated  in  France  (17),  and  has  been  further  elaborated  by  McLean 
(18).  Opinions  differ  as  to  the  value  of  such  studies.  The  funda- 
mental underlying  assumption  that  the  excretory  power  of  the  kidneys 
may  be  expressed  in  the  form  of  a  dependable  constant  is  none  too 
well  established,  however  alluring  it  may  appear  to  those  who  like 
to  express  metabolism  processes  in  terms  of  mathematical  formulas. 
The  idea  of  the  existence  of  such  a  constant  certainly  breaks  down 
when  it  is  extended  so  as  to  account  for  the  rate  of  excretion  of  all 
waste  products. 

Uric  acid.  Of  all  the  known  definite  constituents  of  the  non-protein 
nitrogen  there  is  none  which  has  received  so  much  attention  and  which 
is  so  interesting  alike  from  the  standpoint  of  normal  and  of  abnormal 
metabolism  as  uric  acid.  It  is  difficult  to  appraise  with  any  degree 
of  certainty  the  work  upon  which  the  early  findings  of  uric  acid  in 
blood  are  based.     Garrod  (19)  cites  figures  for  uric  acid  in  human  blood 
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which,  to  be  sure,  seem  not  unreasonable.  No  one  probably  would 
now  be  able  to  confirm  those  figures  by  means  of  Garrod's  method, 
yet  Professor  Lehmann  in  bis  well-known  textbook  (1851)  states  that 
he  could  for  the  most  part  confirm  Garrod's  observations — only  (as 
he  states)  he  first  happened  to  do  so  by  finding  uric  acid  in  the  blood 
of  c  arnivorous  animals  (dogs)  (20).  Yet  60  years  after  Garrod,  Gudzent 
(21)  made  a  notable  contribution  by  merely  showing  that  positive 
murexide  reactions  could  be  obtained  on  dialyzates  from  certain  clinical 
bloods,  but  not  from  normal  human  blood  or  from  the  blood  of  animals. 
It  is  difficult  to  assume  that  Garrod  in  1848  could  tell  more  about 
the  uric  acid  content  of  blood  than  Brugsch  and  Schittenhelm  (22) 
could  do  a  dozen  years  ago.  These  latter  investigators  devoted  much 
time  to  the  subject;  but,  Uke  Gudzent,  they  had  to  be  content  with 
positive  qualitative  tests  obtainable  from  certain  kinds  of  human  blood. 
Even  after  the  extraordinarily  delicate  uric  acid  reagent  of  Folin  and 
Denis  had  been  introduced  (1912)  the  uric  acid  content  of  blood  could 
not  always  be  determined  with  any  high  degree  of  certainty.  Modern 
studies  on  the  uric  acid  content  of  blood  began  with  the  introduction 
of  that  reagent. 

A  few  remarks  may  be  not  out  of  place  here  concerning  the  inter- 
esting development  of  the  colorimetric  method  for  estimating  uric 
acid  in  blood.  The  blood  proteins  from  20  cc.  of  blood  were  removed 
with  boiling  0.01  n  acetic  acid.  The  filtrates  were  concentrated  to  a 
small  volume  and  the  uric  acid  was  then  precipitated  by  the  best 
precipitant  then  known,  the  silver  magnesium  mixture — a  uric  acid 
precipitant  first  introduced  by  Salkowski  in  1871.  After  removing 
the  silver  with  hydrogen  sulfide  and  boiling  off  the  surplus  HaS  the 
uric  acid  reagent  was  added,  together  with  sodic  carbonate,  and  a  fine 
blue  color  suitable  for  quantitative  comparisons  was  obtained. 

This  ba.sic  method  has  since  been  enormously  simplified  and  improved. 
The  most  important  single  improvement  was  the  introduction  of 
potassium  cyanide  (23)  by  which  the  uric  acid  is  set  free  and  the  disturb- 
ing silver  is  converted  into  complex  cyanide  compounds  which  have  no 
disturbing  eflfcct.  The  n(!xt  important  stop  was  the  oUiniiiiilion  of 
the  tedious  acetic  acid  precipitation,  and  accomplishing  the  precipi- 
tation of  the  uric  acid  by  silver  lactate  without  any  preliminary  concen- 
tration (24).  The  most  remarkable  step  of  all  was  taken  by  Henedict 
(26)  a  short  time  ago  when  he  showed  that  it  is  not  necessary  to  isolate 
the  uric  acid  from  tin*  l)loo(l  filtrates,  and  that  by  applying  heat  so 
much  color  in  ol^taiiicd  that  the  blood  filtrate  from  0.5  cc.  of  blood  is 
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adequate  for  a  determination.  (Garrod  used  several  hundred  cc. 
("2  pounds")  of  blood  for  each  of  his  "determinations.")  Benedict's 
last  simplification  is  based  on  the  use  of  a  reagent  which  differs  from 
the  regular  reagent  in  that  a  part  of  the  phosphoric  acid  has  been 
replaced  by  arsenic  acid.  Benedict  believed  that  the  secret  of  his 
success  lay  in  this  new  reagent,  but  it  has  since  been  found  (26)  that 
the  original  uric  acid  reagent  behaves  in  the  same  way  and  that  the 
secret  of  the  remarkable  simplification  introduced  by  Benedict  lies 
in  the  use  of  appropriate  amounts  of  sodium  cyanide  as  the  only  alkali. 
Unless  some  now  unknown  flaw  is  discovered  in  these  latest  forms  of 
the  colorimetric  determination  of  uric  acid  there  is  scarcely  place  for 
any  further  improvements,  except  perhaps  in  the  matter  of  preparing 
more  stable  standard  solutions  of  uric  acid.  This  last  requirement 
is  probably  met  by  Folin's  finding  that  uric  acid  formaldehyde  com- 
binations liberate  their  uric  acid  quantitatively,  when  diluted  with 
water. 

The  results  of  colorimetric  determinations  of  uric  acid  in  blood  have 
on  the  whole  substantiated  the  views  which  prevailed  earher  both 
concerning  normal  purine  metabolism  and  with  regard  to  the  accumu- 
lation of  uric  acid  in  blood  in  nephritis  and  in  gout.  The  essential 
advance  consists,  therefore,  up  to  date,  mostly  in  the  perfect  certainty 
as  to  the  correctness  of  these  concepts  and  in  the  possibility  of  getting 
definite  figures  for  all  kinds  of  blood,  including  human  blood  in  health 
and  in  disease.  The  fact  learned .  from  urine  analysis  that  in  all 
mammals,  except  the  anthropoid  ape  and  man,  the  chief  end-product  of 
the  purine  metabolism  is  allantoin,  whereas  in  the  anthropoid  ape,  in 
man,  and  in  the  birds,  it  is  uric  acid,  is  verified  by  the  fact  tthat  in 
man  and  in  birds  the  uric  acid  content  of  the  blood  is  higher  than  in 
the  blood  of  all  mammals  so  far  investigated.  The  uric  acid  content 
of  bird's  blood,  curiously  enough,  is  only  about  twice  as  high  as  the 
average  normal  found  in  man  and  is  no  higher  than  the  values  frequently 
found  in  the  gouty. 

The  following  uric  acid  figures  for  the  bloods  of  animals  were  obtained 
by  Folin  and  Denis  (by  the  original  colorimetric  method)  (27) : 


Mgm.  uric  acid  per  100  cc. 
of  blootl 


RABBIT 

SHEEP 

pia 

HORSE 

MON- 
KEY 

ox 

CAT 

0.05 

0.05 

0.05 

0.05 

0.05 

0.2 

0.2 

CHICK- 
EN 


4.9 


The  figures  0.05  must  be  interpreted  as  meaning  that  no  uric  acid 
could  be  found,  rather  than  that  the  figure  cited  is  really  correct. 
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In  normal  human  blood  the  uric  acid  content  is  subject  to  relatively 
greater  variations  than  that  of  any  other  known  nitrogenous  product. 
The  lowest  figure  reported  by  Folin  and  Denis  is  0.7  mgm.,  and  the 
lowest  found  by  Benedict  out  of  50  analyses  is  0.8  mgm.  The  maximum 
normal  figure  for  the  uric  acid  may  perhaps  be  given  as  3  mgm.  per 
100  cc. 

For  typical  cases  of  gout  Myers  (28)  found  uric  acid  values  ranging 
from  6.8  to  9.5  mgm.  without  any  accompanying  increase  of  any  other 
nitrogenous  waste  product.  These  figures  average  materially  higher 
than  the  figures  previously  reported  by  Folin  and  Lj-man  (29)  or  bj'' 
FoUn  and  Denis.  In  twelve  cases  of  gout  unaccompanied  by  nephritis 
(normal  non-protein  nitrogen)  these  last  two  authors  found  uric  acid 
values  ranging  from  3.3  to  5.2  mgm.  The  characteristic  and  extra- 
ordinary feature  of  pure  gout  is  that  in  most  cases  only  the  uric  acid 
is  increased.  Whether  this  pecuUar  fact  is  to  be  interpreted  in  terms 
of  a  highly  selective  activity  and  correspondingly  selective  deteri- 
oration of  the  kidneys,  or  whether  it  means  that  uric  acid  is  more  difficult 
to  excrete  than  any  other  waste  product,  a  possibility  suggested  by 
the  high  normal  levels  and  by  the  excessive  variations  in  the  uric  acid 
content  of  the  blood  of  normal  persons,  is  by  no  means  clear;  nor  is 
it  certain  that  either  one  of  these  two  hypotheses  can  furnish  an  adequate 
explanation.  In  nephritis  leading  to  true  uremia  there  is  a  gradual 
accumulation  of  all  the  nitrogenous  waste  products,  except  ammonia, 
and  in  such  bloods  there  is  no  constant  relationship  between  the  increase 
in  the  uric  acid  and  in  that  of  the  total  non-protein  nitrogen.  But, 
on  the  whole,  one  can  say  that  the  uric  acid  seldom,  if  ever,  shows  a 
greater  f)ercentage  increase  than  does  the  total  nitrogen;  that  the  uric 
acid  accumulation,  on  the  contrary,  is  usually  less  pronounced.  In 
other  words,  in  cases  of  generally  diminished  kidney  efficiency  one 
finds  no  support  for  the  idea  that  the  uric  acid  retention  roprosonts 
any  special  difficulty  in  the  process  of  excretion.  The  statomciit 
made  alxjve  is  true  at  least  for  advanced  cases  of  nitrogen  retention. 
Whether  it  is  also  or  equally  true  for  the  early  stages  representing 
mcxlerate  nitrogen  retention  is  not  certain.  Myers  (30),  Krauss  (31) 
and  others  have  drawn  the  conclusion  that  the  retention  and  accu- 
mulation of  the  uric  acid  precedes  and  exceeds  that  of  the  non-protein 
nitrogen  in  the  (Mirly  HtagcH  of  kidney  insufficiency. 

More  observations  on  the  problems  are  much  needed,  partly  because 
the  older  colorinietric  t«'chnic  of  uric  acid  detenninations  has  been 
none  too  defK^ndablc — a  situation  not  im|)r<)ved  by  the  freedom  with 
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which  httle  modifications  have  been  introduced.  Figures  obtained  bj' 
means  of  cHnical  colorimeters  or  by  comparison  with  artificial  standards 
can  scarcely  have  much  value  in  relation  to  such  a  problem.  Values 
obtained  on  whole  blood  are  also  less  convincing  than  those  obtained 
on  plasma. 

There  is  one  other  interesting  point  which  must  be  referred  to  in 
connection  with  the  uric  acid  content  of  blood.  Benedict  (32)  found 
some  years  ago  that  the  uric  acid  content  of  ox  blood  which  is  normally 
very  low  (0.2  mgm.)  increased  several  hundred  per  cent  if  the  blood 
was  allowed  to  stand  (with  preservatives)  for  several  days.  He  also 
found  that  the  uric  acid  content  of  blood  filtrates  from  ox  blood 
gave  correspondingly  increased  uric  acid  figures  if  the  filtrates 
were  boiled  with  concentrated  hydrochloric  acid.  Following  these 
clues  he  was  later  able  to  isolate  from  ox  blood  filtrates  a  substance 
in  pure  crystalline  condition  which  bj'^  hydrolysis  is  split  into  uric 
acid  and  a  reducing  sugar.  Alice  Rohde  Davis,  working  with  Benedict 
on  the  problem,  has  obtained  analyses  indicating  that  the  sugar  is  a 
pentose  (ribose).  This  uric  acid  compound  is  located  in  the  corpuscles 
of  ox  blood  and  is  also  found  in  the  corpuscles  of  other  animals,  though 
in  smaller  amounts.  If  present  at  all  in  human  blood  the  amount  is 
so  small  that  its  isolation  has  not  been  accomplished  with  any  degree 
of  certainty.  Morris  (33)  has  lately  obtained  analytical  data  which, 
according  to  his  interpretations,  indicate  that  some  form  of  combined 
uric  acid  may  be  present  in  some  samples  of  human  blood. 

Creatinine  and  creatine.  The  investigation  of  these  two  substances 
as  constituents  of  protein-free  blood  filtrates  dates  from  the  introduction 
of  the  colorimetric  method  for  their  determination  (1914)  (34).  Earlier 
investigators  had  tried  to  determine  creatine  and  creatinine  as  they 
had  tried  to  search  for  every  other  product  found  in  urine,  and  some 
ventured  to  report  actual  figures.  Carl  Voit  (35),  for  example,  found 
as  high  as  108  mgm.  of  creatine  per  100  cc.  of  ox  blood.  All  such 
early  attempts  were  necessarily  hopeless.  Even  the  colorimetric 
method  now  used  for  the  determination  of  creatinine  and  creatine  has 
not  yielded  results  the  validity  of  which  can  not  be  questioned.  Like 
the  early  findings  for  urea  or  for  uric  acid  the  modern  creatinine  and 
creatine  values  could  not  have  been  even  tentatively  accepted,  if  it 
had  not  been  for  the  fact  that  creatinine  and  creatine  were  necessarily 
supposed  to  be  present,  since  creatine  is  abundant  in  the  tissues  and 
since  creatinine  is  one  of  the  major  nitrogenous  waste  products. 
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The  earliest  figures  obtained  by  the  colorimetric  process  were  doubt- 
less too  high  for  the  creatinine  and  much  too  high  for  the  creatine. 
The  figures  for  creatinine  should  be,  and  probably  are,  more  nearlj^ 
correct  than  those  found  for  creatine,  but  like  most  figures  obtained 
by  a  correct  colorimetric  reaction  even  the  latest  figures  for  blood 
creatinine  must  be  interpreted  as  maximum  figures,  thus  leaving  open 
the  possibility  that  they  may  later  be  shown  to  be  too  high.  Up  to 
the  present  time  there  is,  however,  no  evidence  available  showing 
that  creatinine  figures  obtained  on  the  basis  of  really  pure  picric 
acid  and  the  right  amount  of  alkali  are  materially  too  high,  at  least 
when  applied  to  plasma.  Figures  for  the  blood  creatine  are  necessarily 
more  uncertain,  because  of  the  heat  which  must  be  applied  to  the  blood 
filtrate  for  the  transformation  of  the  creatine  into  creatinine.  This 
heat  was  particularly  disastrous  when  applied  in  the  presence  of  picric 
acid,  because  some  substance  in  the  filtrate  acted  in  acid  solution  on 
the  picric  acid  so  that  it  gave  considerable  color  when  the  alkali  was 
added.  Folin  and  Wu  thought  that  this  effect  might  be  due  to  hydrogen 
sulfide.  (Hydrogen  sulfide  seems  to  have  some  reducing  effect  on 
picric  acid  when  heated  with  it  in  the  autoclave.) 

Whether  the  plasma  of  normal  adults  contains  any  free  creatine 
must,  on  the  whole,  be  considered  doubtful,  since  such  individuals 
excrete  no  creatine  (36) ,  yet  do  excrete  creatine  when  sufficient  creatine 
is  taken  to  show  any  demonstrable  increase  in  the  creatine  content  of 
the  plasma.  The  true  creatine  present  in  blood  is  probably  confined 
to  the  corpuscles,  and  the  corpuscle  creatine  is  probably  held  in  these 
cells  by  the  same  forces  which  result  in  the  maintenance  of  the  creatine 
content  of  muscles.  The  significance  of  all  this  creatine  has  never 
lx*en  satisfactorily  explained.  Folin  regards  it  as  a  (post-mortem) 
product  set  free  when  the  cell  protoplasm  is  killed  (37).  Until  some 
other  explanation  of  the  sharp  localization  of  creatine  in  the  animal 
Vxxly  has  lx»en  found  this  explanation  shoiild  bo  kept  in  mind  as  at 
lea«t  poBsibly  correct. 

The  nonnal  creatinine  cont<Mit  of  human  blood  may  he  given  as  1.2 
to  1.5  mfi^n.  per  1(X)  cc.  of  whole  blood,  according  to  results  obtainc^d 
by  the  method  of  Folin  and  Wu.  The  creatine  content  of  such  blood 
varicH  Ix^tween  3.5  nigm.  and  5  mgm.  The  creatinine  content  of  blood 
iM  normally  remarkably  constant,  as  might  have  iM'en  expected  in 
view  of  the  fact  that  the  endogenous  production  of  creatinine  is  by  far 
the  largeHt  wmrce  of  the  urinary  creatinine.  Hccau  <■  l  Ihese  facts, 
V.  C.  Myere  (38),  with  collaborators,  hafi  streased  the  point  that  large 
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retentions  of  creatinine  represent  the  most  valuable  single  index 
in  advanced  cases  of  nephritis  in  which  there  are  nitrogen  reten- 
tions. Further  and  more  detailed  investigations  including  particularly 
the  concentrations  in  the  plasma  are  urgently  needed.  Myers  and 
Killian  (39)  found  less  creatinine  in  the  plasma  than  in  the  whole  blood 
in  cases  of  excessive  nitrogen  retention.  This  finding  is  probabl}'^ 
erroneous,  and  is  presumably  due  to  some  flaw  in  the  technic  employed. 

The  question  of  the  distribution  of  the  various  soluble  nitrogenous 
products  of  blood  filtrates  between  the  plasma  and  the  corpuscles  is 
one  which  lately  has  received  considerable  attention  partly  because 
of  the  remarkable  findings  reported  by  Falta  (40)  and  his  co-workers. 
At  present  it  seems  measurably  correct  to  say  that  if  the  different 
water  content  of  plasma  and  corpuscles  be  disregarded,  then  only  the 
amino  acids,  creatine,  and  the  undetermined  nitrogen  are  more  abundant 
in  the  corpuscles  than  in  the  plasma;  while  the  nitrogenous  waste 
products — urea,  creatinine,  and  uric  acid— are  more  abundant  in  the 
plasma.  In  the  case  of  uric  acid  the  difference  between  the  figures 
obtained  from  whole  blood  and  from  plasma  is  so  large  that  practically  the 
whole  of  the  uric  acid  content  of  the  blood  falls  on  the  plasma.  If  it 
were  not  for  the  greater  practical  difficulties  it  probably  would  be 
better  for  analytical  purposes  to  substitute  the  plasma  altogether  for 
whole  blood.     Serum  gives  substantially  the  same  values  as  plasma. 

The  determination  of  creatine,  whether  in  whole  blood  or  in  plasma, 
is  at  present  of  importance  only  in  connection  with  experiments  which 
may  serve  to  elucidate  the  obscure  metabolic  origin  and  significance 
of  creatine  and  creatinine.  Clinically  such  determinations  can  not  at 
present  be  said  to  have  any  value.  The  creatinine  determination,  as 
already  pointed  out,  is  of  considerable  clinical  importance. 

Since  the  above  summary  was  written  there  has  appeared  another 
paper  on  the  creatinine  and  creatine  of  blood,  by  Behre  and  S.  R.  Bene- 
dict (41).  In  this  paper  the  opposite  side  is  taken  on  nearly  every 
point  involving  the  occurrence  and  significance  of  creatine  and  creatinine. 
The  blood,  including  the  plasma,  is  said  to  contain  only  creatine,  and 
the  creatinine  figures  previously  reported  are  explained  as  due  to  the 
inadequacy  of  the  available  analytical  technic.  The  creatinine  content 
is  given  as  less  than  0.05  mgm.  per  100  cc.  of  blood.  The  experimental 
work  underlying  these  extraordinary  conclusions  is'  complicated. 
Behre  and  Benedict  advocate  the  retention  of  the  "creatinine"  deter- 
mination in  the  study  of  nephritis,  although  the  chromogenic  material 
now  involved  is  entirely  unknown.     The  determination  should,  how- 
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ever,  not  be  made  by  the  method  of  FoHn  and  Wu  but  according  to  a 
process  described  by  the  authors. 

In  view  of  the  many  still  active  investigators  who  in  the  past  have 
made  contributions  to  the  creatine-creatinine  problem  one  can  safely 
predict  that  the  findings  and  conclusions  of  Behre  and  Benedict  will 
not  long  remain  without  contradiction  or  verification. 

Amino  acids.  The  amino  acid  nitrogen  content  of  blood  has  been 
already  referred  to.  The  problems  of  normal  protein  metabolism  have 
been  solved  in  a  large  measure,  in  so  far  as  those  problems  are  concerned 
with  the  fluctuations  of  the  amino  acid  nitrogen  of  the  blood.  In 
connection  with  the  investigation  of  clinical  problems  it  should  be 
pointed  out  that  the  determination  of  the  amino  nitrogen,  by  itself, 
has  very  limited  application.  The  deamination  process  appears  to 
be  such  a  fundamental  process  that  one  cannot  expect  to  find  many 
pathological  conditions  in  which  the  amino  nitrogen  of  the  blood 
filtrates  will  vary  very  much  from  the  normal.  As  was  stated  in  con- 
nection with  the  discussion  of  urea,  the  deamination  is  not  affected 
by  the  accunmlation  of  this  end  product.  Even  in  the  most  advanced 
cases  of  uremic  nephritis  the  amino  acid  content  of  the  blood  is  by  no 
means  increased.  In  the  course  of  a  very  large  series  of  amino  acid 
detenninations  on  a  great  variety  of  clinical  bloods  Bock  (42)  has,  to 
Ije  sure,  found  unusually  high  values  in  nephritis  when  the  non- 
protein nitrogen  exceeds  100  mgm.  The  increases  found  are  very 
variable.  Bock  used  Van  Slyke's  method.  Borglund,  working  with 
the  colorinu^tric  method,  failed  to  find  any  increase  of  tlio  amino  acid 
nitrogen  in  several  cases  of  nephritis,  where  the  non-protein  nitrogen 
ranged  from  about  70  mgm.  to  over  300  mgm.  The  normal  values 
found  by  Bock  ranged  from  (5.1  to  7.9  mgm. 

That  it  is  possible  for  deamination  abnormalities  to  occur  must  be 
adnutt(>d.  ('ystiiuu-ia  furnish(!s  a  beautiful  examplo.  For  the  present, 
howev(;r,  such  problems  (;aii  be  investigated  only  on  the  basis  of  urine 
analysis — unless  one  should  by  chance  encounter  a  case  of  uremia 
8uperiinix>s<'(l  on  cystiruiria. 

The  nornml  coiiHtunt  (;liniination  of  amino  acids  with  the  urine  is  inter- 
etttiDg  in  view  of  the  fact  that  the  amino  acids  are  not  waste  products. 
Their  elimination  IndieaU-s  that  there  is  no  threshold,  no  force,  by  which 
they  are  (jimtititatively  retained  below  a  certain  conccMit ration  in 
the  blood.  The  level  in  tiie  blood  ecjuivalent  to  from  5.7  to  7.8 
of  nitrogen  |Mrr  100  cc.  of  whole  blood,  may  b(>  said  to  Ix;  norm.-dly  very 
constant,   but   unmistakable   increasi's  occur  after  t!very  substantial 
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protein  meal,  and,  corresponding  to  these  small,  but  definite  increases 
in  the  blood,  there  occur  considerable  increases  in  the  hourly  excretion. 
The  reason  why  the  daily  loss  of  amino  acids  through  the  kidnej^s 
remains  small  is  the  same  as  the  reason  for  the  failure  of  the  amino 
acids  to  accumulate  in  the  blood^ — namely,  the  avidity  with  which 
they  are  taken  up  by  the  tissues.  The  tissues  absorb  the  amino  acids 
almost  as  extensively  and  as  perfectly  as  they  absorb  the  sugars,  yet 
for  the  amino  acids  we  assume  no  retentive  mechanism  analogous  to 
the  glycogen  formation. 

The  statement  made  above  that  deamination  abnormalities  are 
rare  and  that  one  can  scarcely  expect  to  find  such  on  the  basis  of  amino 
acid  determinations  made  on  blood  must  not  be  construed  as  implying 
the  complete  absence  of  clinical  cases  in  which  the  amino  acid  nitrogen 
of  the  blood  is  high.  Extremel}''  high  amino  nitrogen  figures  are  already 
on  record.  In  a  well-studied  case  of  yellow  atrophy  of  the  liver,  Feigl 
and  Luce  (43)  found  almost  a  twenty-fold  increase  of  the  amino  acid 
nitrogen  (from  42  up  to  115  mgm.).  Stadie  and  Van  Slyke  (44)  have 
also  reported  very  high  amino  nitrogen  values  for  an  acute  case  of 
yellow  atrophy  (14  to  26  mgm.).  Other  similar  cases  have  l^een 
reported.  The  high  amino  acid  value  found  in  such  cases  can  scarcely 
be  designated  as  representing  metabolism  disorders.  The  accumu- 
lation of  amino  acids  is  not  due  to  a  failure  of  deamination  and  urea 
formation,  but  rather  to  an  excessive  production  of  amino  acids  by 
virtue  of  a  rapid  autolysis  of  one  large  organ^ — the  liver.  The  accumu- 
lation of  amino  acids  in  these  cases  is  analogous  to  the  accumulation 
of  uric  acid  in  leukemia. 

Practically  all  of  the  literature  on  the  amino  acid  content  of  blood  is 
based  on  the  gasometric  method  of  Van  Slyke.  The  new  colorimetric 
method  of  Folin  (45)  appears  to  yield  substantially  the  same  sort  of 
values,  although  as  j'et  no  parallel  determinations  have  been  made 
on  blood  filtrates. 
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A  review  of  this  subject,  following  so  closely  on  the  appearance  of 
Langley's  masterly  little  volume.  The  Autonomic  System,  requires 
unusual  temerity.  However,  since  most  of  the  material  had  already 
been  gathered  and  since  the  review  had  been  planned  from  a  somewhat 
different  point  of  view,  it  seemed  worth  while  to  attempt  to  carry 
through  the  original  enterprise;  namely,  a  survey  and  orientation  of  the 
more  recent  developments  that  threatened  or  promised  to  disturb 
the  narrow,  rather  rigid  schema  into  which  the  pharmacology  of  the 
autonomic  system  had  tended  to  "set." 

The  striking  differences  in  the  origin  and  distribution  of  the  three 
great  classes  of  efferent  nerve-systems  and  their  end  organs — the  somatic 
or  voluntary  system,  the  parasympathetic  and  the  sympathetic — are 
reflected  in  an  almost  equally  striking  manner  in  their  peripheral  re- 
actions to  certain  drugs;  so  much  so  that  these  could  be  definitely  classed 
as  sympathetic  (for  instance,  epinephrin  and  ergotoxin);  parasympa- 
thetic (for  instance,  pilocarpin  and  atropin);  and  strio-muscular  (for 
instance,  guanidin  and  curare).  The  correspondence  between  the 
drugs  and  innervations  is  so  far-reaching  that  it  cannot  be  accidental. 
There  must  be  a  fundamental,  specific  relation  between  the  innervation 
and  the  drug-reactions;  and  if  so,  all  poisons  that  act  in  a  special  manner 
on  the  peripheral  system  should  belong,  definitelj^  and  sharply,  to  one 
or  the  other  of  these  groups;  and  we  should  thus  be  able  to  arrange  all 
these  drugs  into  a  simple  orderly,  logical  and  generally  satisfying  system. 

There  is,  however,  another  side  of  the  picture:  The  correspondence  is 
impressive,  but  not  complete.  On  the  one  hand,  some  drugs  affect, 
more  or  less,  several  of  the  systems;  and  on  the  other  hand,  the  most 
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typical  drugs  seem  to  act  on  the  wrong  system  in  some  organs,  such  as 
the  uterus  and  the  sweat  glands.  These  exceptions  were  naturally  set 
aside  as  "atj'pical"  until  the  main  scheme  could  be  better  digested;  but 
they  have  continued  to  accumulate  in  number  and  in  impressiveness 
until  it  seems  that  they  might  submerge  the  whole  schema,  unless  the 
schema  could  be  sufficiently  broadened  to  cover  them.  Very  evidently, 
the  divisions  of  the  efferent  systems  are  not  separated  as  sharply  as  the 
schema  would  imply;  at  least,  the  chasm  between  them  is  not  impas- 
sable. The  facts  may  be  reconciled  by  the  assumption  that  the  funda- 
mental distinction  goes  bej'ond  the  nervous  systems;  that  the  reactions, 
whether  to  drugs  or  to  nervous  impulses,  depend  on  the  physical  or 
chemical  properties  of  the  reacting  cell;  that  these  vary  with  condi- 
tions; that  a  certain  complexion  of  these  conditions  is  ordinarily 
associated  with  each  of  the  nervous  systems;  but  that  these  conditions 
may  be  shifted,  naturally  and  artificially;  and  that  then  the  reactions 
to  nerve  impulses  and  to  drugs  are  also  changed,  separately  or  together. 

In  other  words,  it  would  appear  that  autonomic  specificity  is  not  an 
absolute,  separate  entity;  but  that  it  is  conditioned  on  the  ordinary, 
fundamental  properties  of  muscle,  of  reactive  tissue;  in  fact,  of  excita- 
bility in  general.  Conditions  which  affect  these  are  also  capable,  poten- 
tially, of  affecting  autonomic  specificity.  This  specificity  is  relatively 
fixed,  because  these  properties  are  relatively  fixed  in  a  given  type  of 
tissue. 

Generalizations  of  this  sort  hold  out  attractive  prospects  of  satisfy- 
ing the  innate  longing  for  unification ;  but  they  have  little  value  unless 
they  unify  actual  phenomena.  Perhaps  the  chief  significance  of  the 
more  recent  work  on  autonomic  drugs  is  therefore  the  collection  of  data 
concerning  the  conditions  that  modify  response.  As  yet,  these  data  can 
fumi.sh  only  hints,  partly  because  they  are  incomplete  in  themselves,  and 
partly  because  their  interpretation  must  await  clearer  conceptions  of 
the  various  properties  of  excitable  tissues  than  we  possess  at  present, 
niore  is  reason  to  hope  that  each  will  throw  light  on  the  other;  and  it 
would  not  Ikj  surprising  if  the  paradoxical  effects  of  autonomic  drugs 
would  \)c  important  aids  in  unravelling  the  complexities  of  the  nature  of 
excitation. 

Incomplete  as  are  the  present  data,  the  space  at  the  disposal  of  this 
review  docs  not  suflicc  to  present  them  with  any  degree  of  detail.  It 
can  only  sketch  the  subject  in  its  broadest  outlines,  with  a  bit  filled  in 
here  and  there,  by  way  of  illustration. 
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I.  Naturally  transposed  specificity.  Under  this  heading  we 
shall  consider  the  instances  in  which  drugs  of  pronouncedly  specific 
autonomic  character  act  on  the  wrong  system,  under  normal  conditions. 
Drugs  with  more  ubiquitous  actions — nicotin,  barium,  histamin,  pitui- 
trin,  etc. — will  only  be  considered  incidentally.  They  are  inherently 
eclectic  rather  than  specific;  and  although  the  distinction  may  in  the  end 
prove  to  be  of  degree  rather  than  of  kind,  they  would  as  yet  tend  to 
obscure  more  than  to  clear  the  subject  of  perverted  specificity. 

It  would  also  be  desirable  to  disregard  quantitative  anomaUes  for  the 
present.  The  various  autonomic  organs  require  quite  different  doses 
of  their  specific  drugs,  so  that  some  may  appear  to  be  relatively  re- 
fractory. The  difference  may  be  merely  a  matter  of  penetration,  or  it 
may  have  a  deeper  significance.  In  any  case,  changes  of  concentration 
may  lead  to  reversal  of  the  effects  on  the  same  system;  or  bring  out 
effects  on  the  complementary  system.  The  quantitative  anomalies 
therefore  furnish  a  bridge  between  atypical  actions  induced  by  artificial 
conditions  (dosage),  and  those  that  occur  naturally  with  the  usual 
dosage. 

A  special  difficulty  arises  in  deciding  whether  a  reversed  response 
(for  instance,  the  secondary  acceleration  of  the  mammalian  heart  by 
pilocarpin)  is  due  to  a  reversed  action  on  the  same  system  (conversion 
of  vagus  excitation  to  vagus  paralj'^sis) ;  or  to  a  transfer  of  the  action 
to  the  complementary  system  (vagus  excitation  to  accelerator  excita- 
tion). It  might  appear  that  this  could  be  easily  decided  by  resort  to 
nerve-stimulation  or  to  antagonistic  drugs;  but  the  results  of  these 
methods  are  often  as  difficult  to  interpret  as  the  original  problem. 

It  is  suggestive  that  perverted  drug  specificity  is  confined  largely  to 
organs,  in  which  the  innervation  is  itself  unusual  or  confused.  It  is 
especially  common  when  the  tissue  receives  only  one  innervation;  or 
when  one  innervation  predominates  very  largely  over  the  other;  or 
where  both  systems  produce  the  same  response.  For  instance,  in 
the  sweat  glands,  the  genito-urinary  system;  the  frog's  lungs;  the  blood 
vessels;  and  in  the  unpublished  instance  of  the  frog's  small  intestine, 
perverted  specificity  of  drug  is  generally  associated  with  weak  contrast 
in  the  specificity  of  innervation. 

We  may  conveniently  arrange  the  instances  under  the  innervations 
that  are  affected: 

1.  Sympathetic  Innervations  affected  by  Parasympathetic  Drugs,  a. 
The  sweat  glands:  These  are  often  quoted  as  the  most  striking  instance 
of  perverse  autonomic  reaction.     Those  of  the  cat's  paw  were  described 
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as  inners'ated  exclusively  by  the  sjinpathetic,  the  electric  stimulation 
of  this  causing  secretion;  but  they  fail  to  react  to  epinephrin,  and  on  the 
contrary  respond  to  the  parasypmathetic  poisons,  to  pilocarpin  and 
atropin. 

The  work  of  Dieden  and  of  Muto  (1916),  however  throws  doubt  on 
the  interpretation  of  the  phenomena.  They  find  that  the  sweat  glands 
receive  a  parasympathetic  as  well  as  the  sympathetic  innervation;  the 
relative  importance  var>nng  in  different  animals.  This  would  leave  the 
possibiUty  that  the  parasympathetic  poisons  act  on  a  parasympathetic 
innervation.  The  drops  of  sweat  that  appear  on  stimulating  the  sympa- 
thetic could  be  due  to  contraction  of  the  muscular  coat  of  the  glands, 
as  suggested  by  Gaskell  (p.  37) ;  or  the  failure  of  epinephrin  to  produce 
secretion  could  be  due  to  vasoconstriction. 

The  example  of  the  sweat-glands  is  therefore  not  as  decisive  an  in- 
stance of  perverted  specificity  as  is  commonly  supposed. 

Incidentally,  epinephrin  has  a  normal  augmentor  effect  on  the 
sympathetically  innervated  skin-glands  of  the  toad  (Wastl,  1921). 

b.  The  uterus:  Although  this  has  a  double  innervation,  the  parasym- 
pathetic appears  to  be  practically  negligible.  Stimulation  of  the 
sj'mpathetic  (hypogastric)  produces  marked  effects,  which  may  be 
contractor  or  relaxor,  according  to  the  species  of  the  animal.  In  cats, 
the  response  is  inhibitory  except  during  pregnancy,  when  it  becomes 
contractor. 

On  pregnant  cats,  i.e.,  with  contractor  response  of  sympathetic  sti- 
mulation, Cushny  (1910)  found  that  the  parasympatliotic  pilocarpin 
produces  contraction,  as  well  as  the  sympathetic  epinephrin.  This 
ha«  been  abundantly  confirmed,  and  seems  to  hold  for  all  species  and 
conditions  in  which  hypogastric  stimulation  produces  a  contractor 
response. 

The  results  as  to  the  efficiency  of  the  specific  antagonists  are  con- 
flirting.  Cushny  reported  that  the  sympathotic  crgotoxiii  jintagonizod 
the  contractor  effect  of  either  drug;  l)ut  that  the  parasyiiipathotic 
atropin  antagonized  only  the  parasympathetic  pilocarpin  contraction, 
and  not  at  all  the  response  to  epinephrin  or  to  hyp()g!is(ri(^  stimulation. 
On  the  other  hand,  Dale  and  Luidhiw  (IIM'J)  found  ergotoxin  inelTective 
again«t  pilocarpin  stimulation;  and  (johara  (1020)  claims  that  atropin 
aUdi  ■         ■  inr  effect  of  epiru'phriii  in  rabbit's  uterus. 

'I  i  iderable  uncertainty  as  to  the  ( ransposition  of 

inhibitot  In  non-pregnant  cats,  in  which  hypogastric  stimula- 

tion or  cpincplinn  UKunlly  relax  or  inhibit  the  contractions,  Cushny 
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also  noted  inhibitory  phenomena  after  pilocarpin  injection;  but  they 
were  much  less  characteristic  than  with  epinephrin.  Dale  and  Laidlaw 
did  not  observe  relaxation  when  the  excised  non-pregnant  uterus  was 
subjected  to  pilocarpin,  although  it  occurred  sometimes  during  life. 
This  they  attributed  partly  to  increased  suprarenal  output,  partly  to 
action  on  the  sympathetic  ganglia,  and  not  a  peripheral  autonomic 
affect.  Gunn  and  Gunn  (1914),  however,  did  occasionally  observe  in- 
hibitory effects  on  the  excised  uterus  of  rats  and  guinea  pigs. 

These  conflicting  data  as  to  the  exchange  of  antagonisms,  and  as  "to 
the  acquisition  of  inhibitory  sympathetic  characters  by  pilocarpin,  do 
not  invalidate  the  high  importance  of  the  undoubted  fact  that  the 
contractor  sympathetic  innervation  responds  identically  to  sympathe- 
tic and  parasympathetic  drugs.  It  is  evidently  not  necessary  that  a 
drug  should  completely  lose  its  identity  when  it  changes  from  one  sys- 
tem to  the  other;  and  one  need  not  expect  that  the  sympathetic  affinity 
of  pilocarpin  should  reach  the  high  perfection  of  epinephrin. 

c.  Retractor  penis:  This  has  a  typical  double  innervation,  with  defi- 
nite reciprocal  response;  the  sympathetic  being  constrictor,  the  parasym- 
pathetic inhibitory.  There  would  thus  seem  to  be  no  good  reason  for 
transposition;  but  Edmunds  (1920)  finds  that  pilocarpin  as  well  as  epi- 
nephrin are  contractor;  that  the  pilocarpin  contraction  is  antagonized 
by  atropin;  and  that  atropin  does  not  prevent  the  inhibitory  response  of 
stimulation  of  the  parasympathetic  nerve. 

There  is  thus  apparently  a  complete  transposition  of  the  parasym- 
pathetic drugs  to  the  sympathetic  system;  one  might  say  that  the  con- 
tractor affinity  of  pilocarpin  is  in  this  case  more  powerful  than  its 
parasympathetic  affinitj^  However,  the  transposition  is  not  quite 
complete;  for  the  pilocarpin  is  not  antagonized  by  the  sympathetically 
depressant  ergotoxin. 

d.  Urinary  bladder:  This  has  also  a  double  innervation;  the  parasym- 
pathetic being  contractor,  the  sympathetic  rather  complex.  The 
drug  responses  apparently  are  essentially  true  to  type;  the  anomalies 
that  have  been  described  being  probably  merely  quantitative  differences 
of  susceptibihty. 

Edmunds  and  Roth  (1920)  find  that  the  differences  which  EUiott 
(1907)  had  found  between  the  response  to  epinephrin  and  sympathetic 
stimulation  disappears  with  appropriate  doses.  They  themselves  re- 
port that  the  atropin  does  not  paralyze  the  response  of  the  parasympa- 
thetic electric  stimulation,  although  it  antagonizes  pilocarpin  and  physo- 
stigmin.     This,  however,  is  found  in  many  organs;  the  nerve  current 
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seems  more  effective  in  overcoming  the  atropin  block  than  are  pilo- 
carpin  or  physostigmin ;  or  conversely,  the  dosage  of  atropin  required  to 
block  stimulation  of  the  parasympathetic  nerves  varies  widely  for  differ- 
ent tissues  (c.f.  V.  E.  Henderson,  1922). 

Other  genito-urinary  organs,  so  far  as  they  have  been  studied,  seem 
to  have  concordance  of  drug-specificity  with  innervation;  whether  this 
be  double,  as  in  the  ureter;  or  predominantly  sympathetic,  as  in  the 
prostate  (Macht,  1922). 

€.  Blood  vessels:  The  evidence  furnished  by  these  is  suggestive  rather 
than  crucial.  They  appear  to  have  only  a  single  innervation;  at 
least,  as  judged  by  nerve  stimulation,  one  nervous  system  or  the  other  is 
so  predominant  that  it  appears  exclusive.  With  most  vessels  this  in- 
nervation is  sympathetic  and  produces  constriction.  In  the  few  situa- 
tions where  dilator  effects  have  been  definitely  demonstrated,  they  are 
parasympathetic.  However,  drug  reactions  indicate  that  other  vessels 
also  have  a  mechanism  for  dilator  stimulation  through  parasympathetic 
drugs,  as  shown  most  clearly  for  acetyl-cholin.  This  produces  dilatation, 
which  is  antagonized  by  atropin  (Hunt,  1918).  Perhaps  the  para- 
sympathetic "receptive  substance"  failed  to  establish  connection  with 
the  nervous  system  because  it  is  normally  activated  by  the  chemical 
products  arising  in  the  local  metabolism. 

The  effects  of  pilocarpin  are  also  dilator  in  most  cases;  but  a  few  con- 
tractor reactions  have  been  described,  which  would  point  to  transposed 
stimulations  of  the  sympathetic  division.  The  data  are  cited  by  Lang- 
ley  (p.  37).  Hildebrandt  (1920)  also  reports  that  atropin  antidotes 
epinephrin  and  sympathetic  nerve  stimulation  in  frog's  vessels.  It  is 
not  antagonistic  to  barium;  but  removes  veratrin  constriction  (Kondo, 
1919). 

/.  Heart:  Pilocarpin  inhibits  the  heart  through  vagus  stimulation. 
This  is  followed  by  acceleration,  expecially  in  mammals;  in  frogs,  it 
removes  muscarin  standstill.  This  reversal  is  commonly  attributod  to 
direct  depression  of  the  vagus,  which  is  found  less  responsive  to  stinui- 
Istion.  However,  epinephrin  also  renders  the  heart  irresponsive  to  the 
vagUfl  (Langley,  1901 ;  Kinodu  and  Kuno,  lOlC)).  This  suggests  that  we 
may  be  dealing  with  a  transposition  of  the  pilocarpin  stimulation  to  the 
sympathetic  accelerators,  and  not  with  a  direct  transformation  to  para- 
Bympathetic  paraly.siH. 

g.  (JoJitro-inlrMlinal  trad:  One  of  the  most  striking  instances  of  pre- 
sumable trnnH|M>Hition  in  ftimifihed  by  the  small  intestine  of  the  frog, 
whose  behavior  in  Halinc  baths  has  rccGntly  been  studied  at  this  labora- 
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tory  by  Dr.  G.  B.  Roth  (in  press).  It  reacts  in  the  usual  manner  to 
barium,  by  contraction;  and  to  epinephrin  by  relaxation.  The  two 
drugs  are  mutually  antagonistic,  a  matter  of  considerable  interest  for 
the  localization  of  the  barium  action.  Pilocarpin  does  not  contract  the 
intestine,  as  it  does  in  mammals  and  turtles;  or  at  most,  there  is  a  brief, 
faint  and  doubtful  shortening;  but  to  the  contrary,  it  produces  marked 
relaxation  and  antidotes  the  barium  contraction,  just  like  epinephrin. 
The  pilocarpin  relaxation  is  not  antagonized  by  atropin,  which  is  itself  a 
depressant;  although  much  weaker  than  pilocarpin.  Physostigmin 
behaves  like  pilocarpin.  The  direction  of  the  change  does  not  appear  to 
be  influenced  by  the  ion  ratio  or  H-ion  concentration  of  the  bath. 

In  other  parts  of  the  frog's  intestine,  the  pilocarpin  and  physostigmin 
response  is  in  an  intermediate  stage:  Fuehner  (1918)  found  for  the 
stomach,  and  Schuller  (1921)  for  the  rectum,  that  these  drugs  produce 
only  a  feeble  contractor  response;  and  in  the  rectum  at  least,  pilocarpin 
prevents  the  contractor  effect  of  the  more  fixedly  parasympathetic 
arecolin. 

A  converse  instance  of  the  transposition  of  the  parasympathetic 
poisons  is  furnished  by  the  mammalian  ileo-colic  sphincter.  Kuroda 
(1916)  found  that  this  is  contracted  not  only  by  sympathetic  stimulation 
and  epinephrin,  but  also  by  parasympathetic  stimulants;  and  that  it  is 
relaxed  by  atropin. 

2.  Parasympathetic  Reactions  provoked  by  Sympathetic  Drugs.  This 
transposition  is  less  common;  which  conforms  to  the  high  degree  of 
specificity  of  the  sympathetic  type  of  drug,  epinephrin. 

a.  Lung-sacs  of  frogs  and  salamanders.  The  musculature  corresponds 
to  the  bronchial  muscle  of  mammals,  but  it  has  a  different  physiology 
and  innervation  (frog,  Carlson  and  Luckhardt,  1920;  salamanders, 
Luckhardt  and  Carlson,  1920).  The  muscle  possesses  a  strong  and 
continuous  inherent  tone,  which  is  relaxed  by  parasympathetic  (vagus) 
stimulation,  and  is  slightly  augmented  by  sympathetic  stimulation. 
The  response  to  epinephrin  is  transposed;  i.e.,  it  produces  relaxation. 
Atropin  presents  another  anomaly,  for  it  does  not  prevent  the  inhibiting 
response  to  vagus  stimulation.  Pilocarpin  which  was  tried  only  on 
salamanders,  acts  normally,  i.e.,  relaxes. 

In  snakes  and  turtles,  innervation  and  the  response  to  drugs  is  as  in 
mammals;  contractor  to  parasympathetics;  relaxor  to  epinephrin; 
except  that  the  relaxor  effect  of  epinephrin  is  still  quite  weak  (Carlson 
and  Luckhardt,  1920;  Luckliardt  and  Carlson,  1921). 
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b.  Blood  vessels.  As  was  discussed  in  a  previous  section,  these  gen- 
erally respond  by  constriction  to  sympathetic  stimulation;  and  by  dila- 
tation to  paras>Tnpathetic  stimulants.  Although  the  sympathetic 
constrictor  action  of  epinephrin  is  especially  pronounced  in  the  case  of 
blood  vessels,  it  produces  dilatation  in  various  situations;  constantly 
so  when  lower  concentrations  of  epinephrin  are  employed,  or  when  the 
sympathetic  excitabiUty  of  the  tissue  has  been  lowered.  It  is  not 
improbable  that  these  are  due  to  a  parasympathetic  transposition  of 
epinephrin;  this  is  strongly  supported  by  the  reaction  of  the  pulmonary 
artery  of  frogs  and  turtles.  In  these  animals,  the  constrictor  innerva- 
tion is  not  sympathetic,  but  parasympathetic  (vagus;  paratyzed  by 
atropin);  epinephrin,  however,  produces  contraction,  i.e.,  parasympa- 
thetic stimulation. 

In  other  special  vascular  areas  the  drug-responses  are  still  confusing. 
Considerable  data  for  various  drugs  have  been  collected  by  the  recent 
work  of  Amsler  and  Pick  (1919)  (frog-perfusion  experiments,  splanchnic 
areas  and  legs) ;  Adler  (1921)  (ditto,  lung  and  skin  vessels) ;  and  Rothlin 
(1921)  (rings  of  mammalian  artery). 

3.  Autonomic  Reactions  'provoked  by  Strio-Muscular  Drugs.  There 
seems  to  be  a  definite  relation  between  the  drug-afhnities  of  the  auto- 
nomic and  strio-muscular  innervations.  Probably  all  of  the  drugs  that 
act  on  the  receptive  mechanism  of  the  striped  muscles  act  also  on  the 
parasympathetic  or  sympathetic  division,  and  most  of  the  parasympa- 
thetic drugs  act  on  striped  muscle.  The  sympathetic  division  does  not 
seem  to  affect  muscular  contraction  and  tone,  but  has  been  credited  with 
influencing  muscular  metabolism. 

The  curare  and  nicotin  group  acts  more  especially  on  the  autonomic 
ganglia,  so  that  their  effects  on  the  terminal  cells  are  not  easily  studied. 
Guanidin  is  perhaps  more  strictly  terminal:  The  excised  frog-heart 
(Roscnow,  1921)  responds  to  weak  concentrations  by  increased  systole 
(sympathetic  stimulation?) ;  to  higher  concentrations  by  diastolic  arrest 
(parasym pathetic  stimulation?).  lironchial  nuisclo  (Macht  and  Ting, 
1922)  18  relaxed  (sympathetic  stimulation  or  parasympathetic  depres- 
sion?). 

/f.  Strio-Muscular  Reactions  to  Parasympathetic  Drugs.  The  more 
powerful  parasympathetic  stimulants,  physoatigmin  and  acetyl  cholin, 
stimulate  the  "receptive"  mechanism  of  striped  muscle  in  a  maimer 
•trictly  analogous  to  the  churacteristic  strio-niuscular  stimulants,  guani- 
din, nicotin  and  barium.  'I'he  phenomena  are  the  same  for  all,  with 
mere  quantitative  dilTerences  that  tend  to  disappear  by  varying  the 
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dosage :  a,  The  lowest  effective  concentrations  produce  fibrillary  twitch- 
ings;  with  increasing  doses  these  pass  to  clonic  contractions,  tonus  con- 
tractures, and  finally  into  curare-like  depression.  6,  With  all,  the  ac- 
tion is  strongest  at  the  site  of  the  end-plate;  which  might  mean  that  the 
receptive  mechanism  is  concentrated  at  this  place;  or  merely  that  the 
permeability  of  the  cell-wall  at  this  place  is  more  favorable  to  the  pene- 
tration of  the  drugs  or  ions,  c.  All  continue  effective  for  some  time  after 
the  division  of  the  nerve  trunks.  Most  and  probably  all  become  less 
and  less  effective  when  the  nerve  has  completely  degenerated,  presum- 
ably because  the  receptive  mechanism,  and  eventually  the  muscle  fibers 
as  a  whole,  deteriorate  when  they  are  no  longer  used,  d,  All  are  an- 
tagonized, though  to  a  varying  degree,  by  curare,  atropin  and  especially 
1-scopolamin,  and  the  local  anesthetic  group.  Atropin  is  more  effective 
against  drugs  than  against  nerve-stimulation;  a  difference  that  it 
frequently  exhibits  in  strictly  parasympathetic  reactions,  and  which  is 
again  a  merely  quantitative  question,  for  sufficiently  large  doses  of 
atropin  block  the  response  of  striped  muscle  to  nerve  stimulation 
(Haffner,  1918). 

The  data  for  these  conclusions,  but  not  necessarily  the  interpretations 
themselves  are  chiefly  taken  from  papers  of  Frank  and  Katz  (1921) 
(local  anesthetics,  nicotin,  guanidin) ;  E.  Frank  and  Nothmann  (1921) 
(physostigmin  and  scopolarain,  on  human);  Frank  and  Stem  (1921) 
(guanidin,  degeneration,  procain,  atropin,  barium);  Fuehner  (1920) 
(guanidin);  Haffner  (1918)  (atropin);  Langley  (1913  and  1914)  (curare 
and  nicotin);  Magnus  (1908)  (nicotin,  curare,  physostigmin);  Meighan 
(1919)  (guanidin);  Riesser  and  Neuschloss  (1921  and  1922)  (acetyl 
cholin,  atropin,  curare,  nicotin,  local  anesthetics);  SchuUer  (1921) 
(local  anesthetics  and  caffein);  SchuUer  and  Athmer  (1921)  (local 
anesthetics  and  veratrin). 

5.  Sympathetic  Innervation  of  Striped  Muscle.  There  is  practically 
nothing  to  add  to  the  review  of  this  subject  given  by  Langley  on  pages 
69-80  of  his  book.  Briefly,  sympathetic  fibers  have  been  traced  to  the 
striped  muscle  fibers;  especially  by  the  degeneration  method  (Dusser 
de  Barenne  and  co-workers,  1919).  It  was  suggested  on  speculative 
grounds  that  this  sj^mpathetic  innervation  controls  the  sarcoplasm, 
and  through  it  the  tone  of  the  muscle,  in  accordance  with  Bottazzi's 
sarcoplastic  theory  of  tone.  De  Boer  (1916)  claimed  to  have  demon- 
strated experimentally  a  loss  of  tone  on  division  of  the  sympathetic 
supply.  Dusser  de  Barenne  (191G  )and  S.  Cobb  (1918)  showed  that  this 
has  essentially  no  effect  on  the  tone.     The  sympathetic  innervation  was 
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then  credited  with  the  regulation  of  the  metaboHsm  of  the  muscle,  but 
without  direct  evidence.  Langley  points  out  the  difficulty  of  distin- 
guishing a  sympathetic  innervation  of  the  muscles  from  a  sympathetic 
innervation  of  the  blood  vessels  in  the  muscles,  and  does  not  consider 
the  e\ndence  quite  conclusive;  but  inclines  to  the  positive  side;  i.e., 
that  SATnpathetic  nerves  make  direct  connections  with  the  muscle 
cells. 

The  behavior  of  striped  muscle  toward  epincphrin  supports  the  view 
that  the  sympathetic  innervation  does  not  act  on  muscular  contraction 
or  tone;  for  epincphrin  does  not  affect  these  in  excised  muscle.  On  the 
other  hand,  epincphrin  increases  the  carbon  dioxid  production,  even  in 
excised  muscle  (Martin  and  Armitstead,  1922),  and  also  creatin  formation 
(Riesser,  1916).  This  indicates  that  the  sympathetic  innervation  may 
be  concerned  with  possible  functions  of  muscle  in  general  metabolism; 
perhaps  in  heat-regulation. 

II.  Transposition  of  specific  actions  by  artificial  conditions. 
We  have  seen  that  normal  specificity  is  not  absolute;  that  the  reac- 
tions of  the  parasympathetic  and  sympathetic  drugs  are  sometimes  trans- 
posed, sometimes  intermingled.  It  is  therefore  evident  that  innerva- 
tion, although  the  most  important  condition,  is  not  the  onhj  condition 
concerned  in  the  specificity  of  the  autonomic  drugs.  These  conditions 
could  be  reduced  in  principle  to  two,  sensibility  and  dosage.  Each  of 
these  in  turn  may  be  changed  by  a  large  variety  of  factors,  of  different 
relative  importance. 

Sensibility  and  dosage  determine,  in  final  analysis,  the  degree  of 
normal  action ;  reversion  of  normal  action  from  stimulation  to  depression 
or  conversely;  and  transposition  to  the  other  system.  These  are  all 
reducible  to  the  same  principles.  It  will  facilitate  the  exposition  if  we 
employ  the  following  terms  as  indicated: 

Reverhal  of  function:  Response  to  the  organ  in  opposite  directions 
(for  instance,  change  of  contraction  to  relaxation).  This  may  be  the 
re«ult  either  of  transposition  or  of  transformation  of  action: 

TrannpoHition  of  action:  From  the  normal  to  another  system  (for 
iiwtance,  an  epinephrin  effect  on  the  para.sympathetic  innervation). 

Trnnnformntion  of  action:  The  action  being  on  the  normal  system,  but 
in  the  opiKwite  direction  (for  instance,  a  nicotin  stimulation  changing  to 
a  parnlyMiH). 

Scnititization  and deHcnJfitiz<ili(in  will  be  used  for  increased,  respectively 
diminiKhod,  rowponHC  of  either  nornuil  or  the  tran.sformed  or  the  trans- 
pofwd  actionfl. 
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Further  discussion  will  be  more  profitable  in  connection  with  actual 
examples : 

1.  Action  transposed  by  Intensity  of  Electric  Stimulation:  The  claw  of 
the  crayfish  is  moved  by  a  stronger  adductor  and  a  weaker  abductor 
muscle.  Either  muscle  can  be  placed  in  tone  by  the  removal  of  the 
other.  When  the  muscle,  with  its  contained  nerves,  is  then  stimulated, 
the  response  varies  according  to  the  strength  of  the  stimulus  and  the 
muscle : 

Weak  stimulation  relaxes  the  adductor  and  contracts  the  abductor. 

Strong  stimulation  contracts  the  adductor  and  relaxes  the  abductor. 

Each  muscle  has  a  separate  contractor  and  inhibitor  innervation  (the 
Hteratureiscitedby  Gaskell,  i  p.  74-76).  It  is  clear,  therefore,  that  merely 
increasing  the  strength  of  the  stimulus  transposes  it  from  the  relaxor 
to  the  contractor  innervation  in  the  case  of  the  adductor;  and  from  the 
contractor  to  the  relaxor  innervation  for  the  abductor. 

The  central  nervous  system  furnishes  numerous  instances  of  trans- 
position of  action  according  to  the  strength  of  the  afferent  impulses, 
which  may  be  more  or  less  analogous;  but  it  is  advisable  to  confine 
ourselves  for  the  present  to  peripheral  reactions. 

S.  Paradoxic  Cardiac  Effects  of  Autonomic  Poisons.  In  the  excised 
frog  heart,  fed  by  the  Straub  cannula,  the  simultaneous  action  of  sympa- 
thetic and  parasympathetic  stimulants  does  not  result  in  neutraliza- 
tion of  their  effects,  as  might  be  expected;  but  in  transposition  of  the 
stimulant  action  of  one  of  the  poisons  to  the  other  system.  The  Vienna 
school  (Pick,  1920)  therefore  assumes  that  both  groups  of  drugs  may 
stimulate  either  of  the  autonomic  systems,  i.e.,  that  they  are  reaUy 
"amphotropic."  They  act,  however,  with  different  intensity;  so  that 
the  stimulation  of  the  complementary  innervation  becomes  manifest 
only  when  its  excitability  is  abnormally  raised,  or  if  the  excitabiUty  of 
the  usual  innervation  is  abnormally  depressed. 

a.  When  under  the  moderate  influence  of  parasympathetic  stimulants 
(acetyl-cholin,  etc.),  the  heart  responds  to  epinephrin,  not  by  the  usual 
sympathetic  augmentory  response,  but  by  increase  of  the  parasympa- 
thetic diastoUc,  inhibitory  action.  This  inhibitory  effect  is  removed 
by  atropin,  so  that  it  appears  due  to  parasympathetic  stimulation  (Kolm 
and  Pick,  1920).  Analogous  transposition  is  shown  by  the  blood  vessels 
and  intestines. 

Pick  believes  that  the  production  by  epinephrin  of  cardiac  fibrilla- 
tion and  dilatation  in  early  chloroform  anesthesia  is  due  to  an  analogous 
transposition,  assuming  that  the  vagus  is  sensitized  by  small  doses  of 
chloroform. 
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6.  Nicotin  and  ergotamin  also  produce  a  similar  transposition  of 
epinephrin  to  inhibitory  action  (Amsler,  1920).  Amsler  assumes  that 
the  ergotamin  paralysis  of  the  sympathetic  reciprocally  increases  the 
sensibility  of  the  parasjTnpathetic,  and  thus  transposes  the  epinephrin 
action.  This  would  also  furnish  the  explanation  of  epinephrin  "re- 
versal" in  other  organs. 

He  also  explains  the  nicotin-epinephrin  phenomenon  by  paralysis  of 
the  sympathetic;  but  Hctt  (1920)  finds  that  nicotin  acts  on  the  heart  as 
a  parasympathetic  stimulant;  so  that  the  transposition  may  be  more 
strictly  parallel  to  the  choUn-epinephrin  phenomenon. 

c.  Physostigmin  also  sensitizes  the  heart  to  the  diastolic  action  of 
strophanthin  to  such  an  extent,  that  even  maximal  doses  produce  dias- 
tolic arrest  instead  of  the  usual  systolic  standstill  (Froehlich  and  Pick, 
1920).  Since  systolic  standstill  seems  to  be  connected  with  sympa- 
thetic stimulation,  the  strophanthin  diastole  may  be  conceived  as  a 
transposition. 

d.  Conversely,  sensitization  of  the  sympathetic  by  epinephrin,  or  by 
excess  of  calcium  transposes  the  parasympathetic  poisons  (muscarin, 
acetylcholin,  etc.)  to  sympathetic  stimulation;  so  that  they  produce 
systolic  contracture  instead  of  diastolic  arrest.  This  sympathetic  ac- 
tion of  physostigmin  is  prevented  by  ergotoxin,  and  not  by  atropin. 

e.  Abolition  of  ventricular  vagus  response  by  excessive  doses  of  vago- 
atimulants.  The  mechanism  of  this  phenomenon  is  not  clear;  but  it 
may  receive  mention  in  this  place.  Large  doses  of  apparently  all  vagus 
stimulants  (aconite,  muscarin,  physostigmin,  digitalis,  acetylcholin, 
pituitary)  render  the  ventricles  irresponsive  to  vagus  stimulation.  The 
siniiB  and  auricles  still  react  by  diastoUc  standstill,  so  that  the  inter- 
ference appears  to  be  with  the  conduction  of  the  inhibitory  impulses 
(Froehlich  and  Pick).  It  is  therefore  possible  that  the  action  does  not 
consist  in  reversal  to  the  vagus  effect,  but  that  it  may  involve  some 
other  mechanism  of  the  heart. 

3.  The  Influence  of  Electrolytes  on  Cardiac  Response.  The  ions  of 
scrum  and  saline  solutions  influence  profoundly  all  the  functions  of  the 
heart,  and  among  them  their  response  to  autonomic  stiinulalion  by 
drugs.  Tho«c  ion  cfToctH  arc  very  complicated,  confusing  and  diflicult  (o 
analyze;  partly  Injcausc  they  depend  on  the  ratio,  for  instance  of  Ca:K, 
OH  well  a«  on  the  absolute  quantity  of  each;  and  partly  because  difToront 
levols  of  the  heart  react  quil(;  dilTc^rcntly,  and  somdimos  in  opposite 
dircctiosn.  The  practical  hnportance  of  this  latter  fact  is  not  yet  suffi- 
ciently widely  realized;  for  it  determines  the  gradient  of  irritability,  of 
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tone  and  of  rhythm  production;  so  that  the  "pace-maker"  may  be 
shifted  at  will  by  changes  in  the  ion  ratio  (Sakai,  1914;  Daly  and  Clark, 
1921;  Kohn  and  Pick,  1920).  Presumably  this  applies  also  to  peristal- 
tic progression  in  general;  for  instance  in  the  intestines.  However, 
changes  in  ion-ratio  sufficient  to  influence  autonomic  reactions  are  not 
readily  produced  in  intact  animals  (Schafer,  1915). 

A  detailed  discussion  to  the  ion-effects  would  be  beyond  the  scope 
of  this  review.  The  more  recent  data  can  be  found  in  the  papers  of 
Daly  and  Clark,  Kolm  and  Pick  and  Carter  and  Andrus  (1921). 

a.  In  general,  changes  in  the  potassium  and  calcium  content  act  in 
opposite  directions: 

Increase  of  the  —   ratio  (i.e..  Calcium  deficiency  or  potassium  excess) 

produces  the  typical  phenomena  of  parasympathetic  (vagus)  stimula- 
tion, culminating  in  diastohc  standstill  (e.g.,  Burridge,  1912). 

Increase  of  the  —  ratio  (i.e..  Calcium  excess  or  potassium  deficiency) 
A 

produces   the   phenomena   of   sympathetic    (accelerator)    stimulation, 

culminating  in  systolic  standstill  (Kolm  and  Pick,  1920). 

In  brief  then,  calcium  seems  to  sensitize  the  sympathetic  or  desensi- 
tize the  parasympathetic,  and  potassium  seems  to  sensitize  the  parasym- 
pathetic or  to  desensitize  the  sympathetic  mechanism. 

(These  simplified  statements  hold  only  for  solutions  that  contain 
Ca,  K  and  Na  ions.  The  phenomena  are  modified  if  one  of  the  con- 
stituents is  entirely  absent;  for  instance,  entire  absence  of  Ca  abolishes 
the  response  to  vagus  stimulation  (O.  Loewi,  1917).) 

h.  When  the  ion-changes  are  combined  with  the  other  autonomic 
stimulations  or  drugs,  they  reinforce  or  transpose  the  effects,  in  the 
same  direction  as  if  the  ordinary  specific  autonomic  poisons  were 
combined: 

Increase  of  the   —-ratio   (Calcium  deficiency   or  potassium   excess), 
Ca 

corresponds  to  sensitization  of  the  parasympathetic  (vagus)  and  en- 
hances the  response  of  the  parasympathetic  stimulants  (muscarin, 
cholin,  etc.)  and  transposes  the  action  of  sympathetic  stimulants,  so 
that  the  epinephrin  now  produces  a  diastolic  effect  (Burridge,  1912), 
which  is  antagonized  by  atropin,  but  not  by  ergotoxin  (Kolm  and  Pick, 
1920). 
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Ca 

Increase  oj  the  —  ratio  {Calcium  excess  or  potassium  deficiency)  cor- 

responds  to  sensitization  of  the  sympathetic  (accelerator)  and  there- 
fore enhances  the  response  to  epinephrin,  and  transposes  the  action  of 
parasympathetic  stimulants,  so  that  acetyl-cholin  produces  systolic 
instead  of  diastolic  standstill.  The  action  is  antagonized  by  ergotoxin, 
not  by  atropin  (Kolm  and  Pick). 

Ca        . 
Increase  of  the  —  ratio  also  sensitizes  to  systolic   standstilll  by 
K 

strophanthin,  whilst  increase  of  -r-  causes  strophanthin  to  produce 

Ca 

diastolic  standstill  (Loewi,  1915). 

c.  Sensitization  of  the  sympathetic  or  desensitization  of  the  para- 
sympathetic is  also  produced  by  non-electrolytes ;  by  lecithin  and  soaps ; 
by  serum ;  by  increase  of  alkalinity ;  and  by  seasonal  changes : 

The  presence  of  nan-electrolytes  (urea,  sugar)  renders  the  heart  more 
resistant  to  calcium  deficiency;  which  Loewi  (1921)  interprets  as 
sensitization  to  the  smaller  quantities  of  calcium  that  remain.  The 
non-electrolytes  also  sensitize  to  strophanthin;  they  may  therefore  be 
classed  with  the  sensitizers  of  sjonpathetic  action. 

Treatment  of  the  heart  with  lecithin  and  soap  renders  it  more  resistant 
to  cholin  and  pilocarpin,  i.e.,  diminishes  parasympathetic  stimulation 
and  would  therefore  sensitize  to  sympathetic  stimulation  (Loewi, 
1921). 

Blood  serum  antagonizes  parasympathetic  stimulation  (muscarin), 
and  increases  the  parasympathetic  depression  of  atro{)in.  This  is  due 
partly  to  its  calcium,  partly  to  the  ether-soluble  extractives  (Kirste, 
1921). 

Increase  of  atkalinity,  within  physiological  limits  (to  Hp-7.8)  increases 
the  tonus  (Andrus,  1919);  i.e.,  acts  in  the  sympathetic  direction. 

The  Aeniivnl  vagus  insusceptibility  of  frogs  is  not  due  to  chang(\s  in  the 
nerves,  but  to  desensitization;  for  the  inhibitory  response  can  be 
restored  by  drugs  that  stimulate  the  vagus  or  that  depress  the  sympa- 
thetic (Cori,  1921). 

Hatlioadive  substances:  These  seem  to  act  in  the  direction  of  para- 
sympathetic sensitization;  for  they  seem  to  have  the  cfTect  of  radio- 
equivalent  quantities  of  tx)tas8ium  (Zwaardemaker,  1918).  Zwuarde- 
makcr  suggests  that  the  radio-energy  liberates  potaHsiuin  (and  pre- 
sumably other  ions)  from  their  combinations  in  the  protoi)ljLsin. 
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4.  Paradoxic  Vascular  Reactions,  and  Influence  of  Electrolytes:  The 
blood  vessels  exhibit  the  same  transposition  of  specific  autonomic  drugs 
by  sensitization  of  the  opposing  system  or  desensitization  of  the  normal 
system,  as  was  described  under  the  heart;  either  through  specific  auto- 
nomic drugs,  or  through  changes  of  the  ions  in  the  salt  mixture,  or 
through  other  means. 

a.  Dilator  action  of  epinephrin.  The  ordinary  constrictor  action  of 
epinephrin  is  identified  with  sympathetic  stimulation.  Under  certain 
conditions  this  is  replaced  by  a  dilator  reaction,  which  is  presumably 
dependent  on  parasympathetic  affinities;  this  becomes  manifest  es- 
pecially whenever  the  sensitivity  of  the  sympathetic  innervation  is 
lowered;  as  by  degenerative  nerve-section  (Pearce,  1913;  Engelock, 
1915);  by  prolonged  sojourn  of  the  tissue  outside  of  the  body  (SoUmann, 
1905);  or  by  very  prolonged  perfusion  with  epinephrin  itself  (Ogawa, 
1912;  Bauer  and  Froehlich,  1918);  and  by  autonomic  drugs  and  ions 
that  depress  sympathetic  or  increase  parasympathetic  reactivity. 

Very  small  doses  of  epinephrin  are  also  credited  with  a  dilator  action; 
it  is  not  known  whether  this  depends  on  the  same  mechanism. 

The  normal  dilator  response  of  certain  vessels  (studied  by  Rothlin, 
1921)  may  be  due  to  the  normal  preponderance  of  parasympathetic 
irritability. 

b.  Sensitization  by  specific  autonomic  drugs.  The  transpositions 
through  the  presence  of  other  specific  autonomic  poisons  are  identical 
with  those  described  in  section  II,  no.  2,  for  the  heart  (Kolm  and  Pick, 
1920). 

Spleen  extract  also  sensitizes  to  the  pressor  (sympathetic)  response  of 
epinephrin;  and  antagonizes  the  depressor  (parasympathetic?)  response 
(Collip,  1920). 

c.  Relation  to  electrolytes.  Calcium  appears  to  act  in  the  opposite 
direction  in  vessels,  and  in  the  heart.  Potassium  and  hydrogen  and 
hydroxyl  ions  act  on  the  whole  in  the  same  direction  in  both ;  (Schmidt, 
1921,  frog  perfusion): 

Calcium  excess  acts  as  a  parasympathetic  stimulant  to  the  vessels, 
and  as  a  sympathetic  stimulant  in  the  heart.  The  vessels  are  dilated, 
and  if  the  constrictor  response  to  sympathetic  nerve  stimulation  and  to 
epinephrin  is  diminished,  they  may  even  respond  by  dilatation. 

Calcium  deficiency  acts  as  a  sympathetic  stimulant  on  the  vessels, 
and  as  a  parasympathetic  stimulant  on  the  heart.  The  vessels  are  con- 
stricted, and  the  constrictor  response  to  epinephrin  is  enhanced. 
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Potassiwn  excess  acts  as  sympathetic  stimulant  to  the  vessels;  as  a 
parasjinpathetic  stiumlant  on  the  heart.  The  vessels  are  constricted. 
However,  the  effect  on  epinephrin  is  abnormal;  the  constrictor  effect 
is  diminished,  or  may  even  be  replaced  by  dilatation. 

Potass^ium  deficiency  also  acts  as  a  sjTnpathetic  stimulant,  to  the 
vessels,  as  well  as  to  the  heai't.  The  vessels  are  constricted  and  react 
more  effectively  to  the  constrictor  action  of  epinephrin. 

Alkalinity  increase:  Moderate  increase  acts  in  the  direction  of  sym- 
pathetic stimulation  for  the  vessels,  as  for  the  heart;  i.e.,  perfused  vessels 
constrict.  This  is  not  antagonized  by  ergotoxin.  Epinephrin  is  effective 
(Heymann,  1921).  Moderate  alkalinity  also  promotes  the  contractions 
and  tone  of  excised  arteries  (Opitz,  1920). 

Large  excess  of  alkalinity  relaxes  (Heymann). 

Diminished  alkalinity  and  increased  acidity:  Diminished  alkalinity 
also  constricts  the  perfused  vessels  (Pearce,  1913).  The  mechanism  is 
not  clear;  the  constriction  is  prevented  by  ergotoxin,  so  that  it  might  be 
considered  as  sympathetic;  but  the  constrictor  response  to  epinephrin 
and  to  nerve  stimulation  is  abolished  or  replaced  by  a  dilator  response 
(Heymann;  Schmidt). 

A  larger  excess  of  acid  dilates  the  vessels;  the  dilator  concentration 
coinciding  with  the  H  ion  concentration  that  stimulates  the  respiratory 
center  (Adler,  1921). 

Transposition  of  action  by  sensitization  and  desensitization  applies 
also  to  the  other  organs  on  which  it  has  been  studied;  for  instance,  the 
intestines  (Kolm  and  Pick).  It  is  not  necessary  to  occupy  space  in  their 
discussion  further  than  to  point  out  that  many  details  remain  to  be 
elaborated. 

III.  Peripheral  point  of  attack  of  the  autonomic  drugs.  The 
energy  and  ingenuity  that  have  been  spent  on  attempts  to  localize 
the  site  of  the  action  of  autonomic  drugs  has  not  yet  borne  full  fruition. 
Indeed,  the  subject  has  Ixicn  full  of  disappointments — or  of  interest, 
according  to  the  point  of  view.  Again  and  again,  conclusions  that 
appeared  securely  established  had  to  be  revised.  Methods  of  experi- 
mentation and  deduction  that  api)eared  conclusive  were  found,  on 
further  examination,  to  Ix?  inade(|uaU'  and  misloading.  Differences 
that  appeared  fun<lam('ntal  turned  out  to  l)e  only  quantitative,  subject 
to  exceptions,  (leix'ndcnt  on  conditions.  Magnus  in  1908  destroyed 
confidence  in  localization  by  antagonists,  but  considcMcd  anatomic 
rncthodH  of  isolation  nn  concluHivo;  it  has  since  been  shown  that  these 
may  aUo  lead  to  falne  coMcliiHionH,  by  lK?ing  incompleU^  or  by  injury  to 
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other  tissues,  or  by  indirect  reactions  through  tone,  reciprocal  innerva- 
tion, etc.  Even  degeneration  of  nerve-endings  has  led  to  deceptive 
conclusions. 

This  experience  may  seem  discouraging  as  to  theories;  but  it  is  in- 
spiring to  the  search  for  facts:  for  the  destruction  of  the  theories  has 
been  brought  about  by,  and  led  to,  the  accumulation  of  data.  The 
theories  have  therefore  served  their  normal  useful  fertilizing  function. 

To  proceed  with  the  consideration  of  the  points  of  attack :  Autonomic 
drugs  could  conceivably  stimulate  or  depress  either  of  the  two  systems 
by  acting  on  four  principal  mechanisms: 

1,  On  the  ganglionic  elements;  2,  on  the  nerve-endings;  3,  on  the 
receptive  mechanism  or  excitability  of  the  terminal  cell;  and  4,  on  the 
responsive  mechanism,  the  contractility  or  secretory  activity. 

1.  The  Ganglionic  Elements.  The  ganglia  of  invertebrates  are  sus- 
ceptible to  the  whole  series  of  autonomic  drugs;  for  instance,  the 
ganglion-chains  of  the  marine  worm,  sipunculus  (Magnus,  1903);  or  the 
cardiac  ganglia  of  the  king-crab  (Carlson,  1906).  With  vertebrates,  the 
autonomic  ganglia  react  definitely  to  the  nicotin  group,  as  shown  by  the 
fundamental  work  of  Langley;  but  wherever  they  can  be  separated  with 
sufficient  sharpness,  they  do  not  seem  to  be  very  susceptible  to  the  other 
sympathetic  and  parasj^mpathetic  poisons.  It  is  more  difficult  to 
confirm  this  conclusion  absolutely  in  situations  where  they  are  insepa- 
rably intermingled  with  the  terminal  elements,  as  in  the  heart  and 
in  the  intestines.  The  analogy  of  the  limulus  heart  lent  color  to  the 
suggestion  that  the  ganglion  cells  might  be  the  seat  of  the  rhythmic 
activity  and  of  the  actions  of  drugs  upon  it.  The  analogy,  however, 
is  not  binding,  and  the  "neurogenic  theory"  has  almost  hopelessly  lost 
ground  for  the  vertebrate  heart  (Eyster  and  Meek,  1921).  As  concerns 
the  autonomic  drugs  these  act  on  the  ganglion-free  apex  essentially 
as  on  the  whole  heart  (S.  Loewe,  1918;  Sasaki,  1921). 

The  evidence  for  the  importance  of  the  intestinal  ganglion  plexus  to 
the  autonomic  reactions  rested  essentially  on  the  experiments  of  Magnus 
(1904)  that  seemed  to  show  that  the  rhythmic  contractions  of  the  intes- 
tines, and  the  effect  of  drugs  upon  them,  depended  on  the  integrity  of 
the  Auerbach  plexus.  Later  work,  however,  showed  that  the  absence 
of  rhythm  was  due  merely  to  traumatic  injury;  Gunn  and  Underbill 
(1922),  showed  that  plexus-free  preparations  are  rhythmic;  and  that  the 
rhythm  can  be  evoked  for  days  after  the  excision,  whilst  the  ganglion 
cells  are  assumed  to  die  quite  promptly.  This  has  been  abundantly 
confirmed  (for  instance,  Alvarez  and  Mahoney,   1922) ;  and  holds  true 
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also  for  the  peristaltic  movements  of  the  excised  intestine,  as  shown  by 
the  method  of  Trendelenburg  (1917).  The  results  of  these  indicate 
that  origin  and  direction  of  the  peristaltic  wave  depend  on  a  gradient 
of  tonus  and  excitability,  inherent  in  the  muscle ;  which  in  turn  depends 
presumably  on  adjustment  to  the  optimum  ion  ration.  The  effects  of 
drugs  in  revived  intestine  also  agree  essentially  with  those  in  intestine 
in  which  the  ganglia  are  alive. 

Carlson  and  his  co-workers  find  another  argument  for  the  independent 
activity  of  the  Auerbach  ganglia  in  the  capricious  response  of  the 
cardial  region  of  the  stomach  to  nerve  stimulation:  either  vagus  or 
sympathetic  may  produce  either  contraction  or  inhibition  (Carlson, 
Boyd  and  Pearcy,  1922).  From  this  they  argue  that  these  nerves  do  not 
act  directly  on  the  muscle,  but  that  they  are  largely  afferent  nerves  to 
peripheral  reflex  center,  i.e.,  to  the  ganglion  plexus.  The  deduction 
does  not  appear  conclusive.  It  is  conceivable  that  each  nerve  might 
carry  both  augmentor  and  inhibitory  fibers  directly  to  the  muscles 
(as  Tashiro  (1920)  assumes  for  the  intestinal  sympathetic),  or  end  result 
of  the  same  stimulation  on  a  given  muscle  fiber  may  be  modified  by  the 
state,  especially  the  tone,  of  that  fiber.  On  the  whole  the  facts  seem 
in  harmony  with  Gaskell's  view  that  the  ganglion  cells  of  the  autonomic 
system  are  connector  elements,  analogous  to  the  pyramidal  cells  of  the 
motor  system,  but  transplanted  to  the  periphery.  However,  the  final 
conclusion  must  be  left  to  the  future. 

£.  Nerve-Fibrils  and  Endings.  Nerve-fibers,  where  they  can  be  reached 
separately,  are  practically  unaffected  by  most  of  the  specific  autonomic 
poisons.  It  is  therefore  improbable  that  the  finer  terminal  fibrils, 
which  seem  to  be  mere  continuations  of  the  axis-cylinders,  should  be 
the  site  of  the  specific  actions.  They  differ  from  the  larger  fibers  in 
permeability,  it  is  true;  but  this  would  cause  only  quantitative  dif- 
ferences, as  is  shown  by  the  local  anesthetics. 

Direct  evidence  against  the  nerve  fibrils  is  furnished  by  the  per- 
sistence of  the  responses  to  autonomic  drugs  in  excised  organs  after  the 
excitability  of  the  nerve  fibers  has  been  lost. 

The  results  after  degeneration  of  the  nerve  (il)iils  and  endings, 
following  division  of  the  nerve  trunk,  speak  in  tlie  suine  dinH-tion.  The 
effects  of  a  numl)er  of  autonomic  drugs,  notably  epincphrin,  can  still 
be  evoked  after  complete  degeneration  of  the  nerve.  This  localizes 
their  action  definitely  lx»yond  the  U^rmini  that  are  in  nutritive  con- 
nection with  the  nerve. 
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The  interpretation  of  the  converse  phenomenon,  disappearance  of  the 
drug  response  as  the  result  of  degeneration,  is  not  so  decisive.  The 
effects  of  pilocarpin,  for  instance,  can  be  evoked  like  those  of  epinephrin, 
after  degeneration,  i.e.,  when  stimulation  of  the  nerve  trunk  is  ineffec- 
tive. After  a  time  however  (6  weeks  for  sweat,  Anderson  and  Langley, 
1904)  the  response  becomes  less  efficient  although  the  muscle  still  re- 
sponds to  electric  stimulation.  This  probably  means  that  in  the  end  the 
muscle  cell  also  deteriorates,  "atrophies,"  when  it  is  not  functionally 
used ;  and  that  this  deterioration  abolishes  its  excitability  to  pilocarpin 
before  it  abolishes  the  contractor  response  to  direct  electric  stimulation. 

The  response  to  physostigmin  disappears  in  general  earlier  than 
the  response  to  pilocarpin:  For  the  eye,  within  a  few  days  (Anderson, 
1905) ;  but  for  the  fibrillary  contraction  of  striped  muscle  only  between 
the  18th  and  27th  day  (Magnus,  1908).  The  graduation  suggests 
that  the  same  mechanism  is  involved  as  with  pilocarpin,  i.e.,  gradual 
degeneration  of  the  muscle. 

It  is  rather  unexpected  that  the  excitability  to  physostigmin  should 
disappear  before  the  excitability  to  pilocarpin,  which  is  a  less  powerful 
stimulant  for  innervated  muscle,  and  the  less  powerful  antagonist  of 
atropin;  but  that  does  not  prove  that  physostigmin  acts  on  the  nerve 
endings.  It  may  be,  for  instance,  that  the  physostigmin  requires  a 
special  configuration  of  the  receptive  mechanism  that  degenerates 
relatively  more  rapidly ;  or  it  may  be  that  pilocarpin  actually  excites  the 
receptive  mechanism,  whilst  physostigmin  acts  more  as  a  sensitizer 
to  other  excitations,  which  would  be  excluded  as  degeneration  proceeds. 
In  favor  of  this  explanation  is  the  fact  that  the  smaller  doses  of  phy- 
sostigmin only  lower  the  threshold  of  muscle  (normal)  to  nerve  stimu- 
lation ;  that  somewhat  larger  doses  cause  fibrillary  twitching  only  after 
electric  stimulation,  and  that  spontaneous  twitchings  require  a  still 
higher  dosage  (Langley  and  Kato,  1915). 

It  may  therefore  be  concluded  that  there  is  no  conclusive  evidence 
that  any  of  the  specific  autonomic  poisons  act  on  the  "nerve-endings" 
that  degenerate  after  section  of  the  nerves;  and  that  the  evidence  of 
excised  organs  is  distinctly  against  this  mechanism. 

3.  The  Receptive  Mechanism.  The  fact  that  epinephrin  contracts 
some  smooth  muscles,  and  relaxes  others  of  apparently  identical  struc- 
ture and  which  respond  alike  to  direct  electric  stimulation,  implies  that  it 
does  not  act  directly  on  the  contractile  muscle  substance.  The  striking 
correspondence  with  the  response  to  sympathetic  nerve  stimulation 
implies  that  it  acts  on  a  nervous  mechanism,  but  the  persistence  of  the 
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response  after  nerve-degeneration  proves  that  it  does  not  act  upon  the 
nerves  proper.  It  therefore  became  necessary  to  assume  the  existence  of 
some  intermediate  mechanism,  related  to  the  innervation,  but  not 
trophically  dependent  upon  it,  on  which  the  epinephrin  and  perhaps  the 
ners'e  current  must  act.  Epinephrin  does  not  stand  alone  in  this 
respect;  probablj''  all  specific  autonomic  poisons  act  through  the  media- 
tion of  a  recipient  mechanism ;  and  even  some  poisons  that  were  formerly 
believed  to  affect  the  contractile  substance  directly. 

The  intermediate  mechanism  may  be  conceived  in  several  ways: 
a,  as  a  morphologic  structure;  h,  as  a  chemical  receptive  substance  or 
side-chain;  c,  as  a  physical  system.  The  available  facts  do  not  peniiit  a 
decision  between  these;  indeed,  the  theories  themselves  lack  so  much  in 
detail  that  a  decisive  attitude  toward  them  would  not  be  justified. 
(Consequently,  there  is  an  advantage  in  employing  a  non-committal 
term,  such  as  "receptive  mechanism*'  for  the  entire  concept;  and  to 
restrict  the  more  specific  terms,  "myo-neural  junction,"  "receptive 
substance,"  and  "synapse,"  to  the  special  theories  that  they  represent. 

These  theories  should  be  examined  in  the  light  of  the  characteristic 
phenomena  of  the  autonomic  system :  the  fact  that  the  autonomic  cells 
are  usually  innervated  by  two  systems  of  nerves;  that  either  of  these 
may  be  augmentory  or  inhibitory  in  different  situations ;  that  autonomic 
drugs  act  specifically  on  one  or  the  other  of  these  systems,  in  one  direc- 
tion or  the  other;  and  that  these  actions  may  be  transposed  or  trans- 
formed. Any  theory  of  the  receptive  mechanism  must  be  compatible 
with  these  phenomena,  and  if  possible  seek  to  explain  them.  This  task 
may  not  prove  as  formidable  as  it  sounds. 

a.  Morphologic  structure  intermediate  between  nerve  and  muscle;  the 
'^myo-ncural  junction"  of  Brodie.  This  assumes  that  the  nerves  are 
continued  into  the  muscle  cell,  and  there  become  modified  in  such  a  way 
that  they  do  not  degenerate  on  section  of  the  nerve  trunk.  This 
attempts  only  to  account  for  the  persistence  of  the  autonomic  drug- 
response  after  nerve-degeneration;  it  leaves  untouched  all  the  other 
phenomena  we  have  indicated  and  is  difficult  to  reconcile  with  some  of 
these,  for  instance,  the  transposition  of  action.  The  direct  evidence 
for  it  is  slender  and  dubious;  and  even  if  non-degenerating  (hidings  exist, 
this  need  not  mean  that  they  are  the  8it<^  of  the  action  of  the  drugs; 
and  if  they  are,  this  cojild  be  made  a  part  of  either  of  the  other  theories. 

The  direct  evidence?  for  the  inU^rmediatc  structure  consists  essentially 
of  the  "endplatcs"  of  HtriiMMJ  nuisclc':  these  are  definite  structures, 
which  might  pomhohh  modified  nervous  functions;  and  the  nerve  fibrils 
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themselves  apparently  lie  within  the  sarcolemma,  in  close  apposition 
to  the  nuclei,  which  might  modify  their  nutrition.  However,  Langley 
(p.  49)  cites  Boeke  that  the  intracellular  network  does  degenerate  after 
nerve  section,  which  speaks  against  rather  than  for  the  myo-neural 
theory;  and  the  nucleo-sarcoplastic  part  of  the  sole-plate  cannot  be 
invoked,  since  nothing  of  the  sort  is  present  in  the  cells  of  the  auto- 
nomic system  proper. 

h.  Chemical  receptive  substance.  Langley  assumes  that  the  autonomic 
drugs  combine  chemically  with  constituents  of  the  cell — the  receptive 
substances,  or  rather  perhaps  labile  side-chain  receptors  of  the  molecule 
of  the  general  cell  substance.  He  considers  that  two  classes  of  these 
receptors  are  necessary,  one  giving  rise  to  contraction,  the  other  to 
inhibition;  the  response  to  sympathetic  or  parasympathetic  stimulation 
depending  on  the  relative  amount  of  contractor  and  inhibitor  receptive 
substance  "connected  with  them  in  the  cells." 

The  two  receptive  substances  could  be  made  to  account  for  the  re- 
sponse to  nerve  impulses,  but  it  seems  difficult  to  apply  them  to  their 
original  object,  the  response  to  drugs.  It  is  not  clear,  for  instance, 
on  what  epinephrin  is  supposed  to  act.  If  simply  on  the  receptor  sub- 
stance, then  why  should  it  have  any  relation  to  the  sympathetic  nerve 
supply?  If  it  acts  on  the  receptive  substance  only  if  this  is  connected 
with  the  sympathetic  nerve  supply,  then  the  receptor  theory  loses  its 
chemical  character  and  becomes  essentially  a  theory  of  specific  difference 
in  the  nerve  itself — a  supposition  that  Langley  himself  rejects.  The 
only  alternative  seems  to  be  to  assume  four  receptive  substances — 
sympathetic  contractor,  sjjmpathetic  inhibitor,  parasympathetic  in- 
hibitor, and  parasympathetic  contractor ;  and  by  buttressing  this  with  a 
sufficient  number  of  other  subsidiary  assumptions,  explanations  could 
probably  be  devised  for  all  the  autonomic  phenomena;  but  one  could 
not  have  much  confidence  in  so  elaborate  a  superstructure  built  on  such 
slender  foundation.  It  is  safer  to  return  to  the  general  conclusion  that 
the  action  of  autonomic  poisons  may  be  chemical,  and  77iay  be  exerted 
on  the  more  labile  portion  of  the  general  molecule  of  the  cells;  there  is 
really  no  evidence  that  even  this  is  really  the  case. 

c.  The  physical  system  of  the  cell  as  its  receptive  mechanism.  The  Nernst 
theory  of  stimulation,  i.e.,  changes  in  the  electrical  potential  of  the  cell, 
can  be  made  the  basis  of  interesting  explanations  for  the  receptive 
mechanism  and  its  phenomena: 

The  double  innervation  with  usually  contrary  response  could  be 
explained  by  the  termination  of  the  nerves  at  regions  of  different  poten- 
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tial  in  the  cell,  which  we  shall  call  A  and  B.  The  contrasting  regions 
could  be  nuclear  and  contra-nuclear;  central  and  polar;  membrane  and 
sarcoplasm;  exterior  and  interioi- — it  is  not  necessary  to  settle  this  for 
the  present.  For  the  sake  of  illustration,  we  shall  assume  the  nuclear 
and  contranuclear  regions,  as  these  are  undoubtedly  at  different 
potential.  As  the  nerves  develop  in  the  embryo  and  grow  out  to  make 
connections  with  the  muscle  or  gland  cells,  they  would  naturally  be 
directed  to  one  region  or  the  other  of  the  cell,  by  this  polar  distribution 
of  energ\',  or  by  other  causes.  It  may  be  imagined  that  this  direction 
would  differ  for  the  two  systems  of  nerves,  if  these  present  different 
chemical  or  energy  conditions — due  perhaps  to  their  different  distance 
from  their  nutritive  ganglion  cell.  The  parasympathetic  innervation 
could  thus  be  attracted  to  region  A  and  the  sjinpathetic  to  region  B — the 
nuclear  and  contranuclear  region;  the  exterior  and  the  interior  of  the 
cells,  etc.  The  relative  importance  of  these  two  regions  may  be 
conceived  to  vaiy  for  different  types  of  tissue,  and  with  conditions,  so  that 
either  the  sympathetic  or  parasympathetic  innervation  may  be  domi- 
nant. It  is  also  possible  to  imagine  that  in  the  cell  of  some  regions 
conditions  exist  that  reverse  the  directive  forces,  and  thus  account  for 
reversed  innervations;  or  that  the  directive  force  is  so  nearly  neutral 
that  both  innervations  connect  more  or  less  with  one  region,  or  with 
both  regions. 

The  physical  schema  also  offers  a  plausible  picture  of  the  direction 
of  the  response:  Let  us  assume  that  approach  to  a  certain  electric 
equilibrium,  say  to  the  iso-clectric  point  of  the  protoplasm,  causes 
contraction  of  the  cell,  through  surface  tension,  imbibition,  osmosis  or 
some  such  process;  and  that  departure  from  tliis  point  causes  relaxation. 
Increase  of  potential  at  region  A  would  affect  the  electrical  equilibrium 
of  the  cell  in  the  opposite  direction  from  increase  of  potential  at  region 
B  of  the  same  cell;  and  thus  contraction  or  relaxation  would  ensue 
according  to  whether  the  nerve  connected  with  region  A  or  with  region 
B.  This  would  explain  the  usual  reciprocal  character  of  the  two 
irmerv'ations. 

It  docH  not  follow  that  stimulation  of  region  A  prothices  the  suine 
direction  of  reHiwnse  for  all  cells;  it  need  not  even  be  always  uniform  for 
any  one  cell.  The  response  would  be  influenced  by  the  electricnl 
condition  of  the  cell;  juwt  as  the  iso-electric;  point  of  a  protein  is  either 
approached  or  n-eeded  by  the  addition  of  an  acid,  according  as  the  ori- 
ginal proU'in  wuh  alkaline  or  acid.  This  may  b<'  \\\v  key  to  the  jiheno- 
iiuiim  of  inhibition     by     the     dominant     inncivHlion;     to  punidoxic 
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responses  to  nerve  stimulation;  to  the  effects  of  ion-ratios;  to  various 
colloid  and  anaphylactoid  phenomena;  and  to  the  specificity  of  auto- 
nomic drugs. 

These  drugs  may  be  conceived  as  acting  chemically  or  physically  on 
the  cell  in  a  large  variety  of  ways; by  producing  precipitation  or  solution; 
changes  of  the  ion-permeability  of  the  cell  membranes  or  of  the  proto- 
plasm itself;  changes  in  surface  tension;  changes  in  the  size  and  surface 
charges  of  the  colloids;  changes  in  oxidation,  reduction,  cleavage  or 
synthetic  processes;  direct  chemical  combination  with  the  cell  con- 
stituents, etc.  Whatever  the  change,  it  must  necessarily  lead  to  a 
change  of  the  distribution  of  potential  within  the  system.  The  change 
produced  by  any  particular  drug  must  tend  to  react  more  upon  one 
region  than  upon  the  other;  and  this  results  in  more  or  less  specificity. 
The  high  specificity  of  pilocarpin  and  epinephrin  suggest  that  these  act 
very  predominantly  at  opposite  regions,  to  produce  the  same  changes 
of  potential  as  nerve  stimulation;  but  the  phenomena  of  transposition 
suggest  that  they  act  somewhat  throughout  the  cell,  the  dominant 
response  depending  on  conditions,  i.e.,  on  ''sensitization."  Such  condi- 
tions could  be  created  by  the  simultaneous  presence  of  both  drugs; 
or  by  disturbing  the  energy  distribution  of  the  system  by  changing  the 
ion-permeability  of  the  cell  wall  by  calcium  or  potassium,  etc;  or  in 
anaphylactic  sensitization  perhaps  by  a  change  in  the  size  of  the  colloid 
aggregates, 

4.  The  Responsive  Mechanism:  The  sharp  separation  of  this  from  the 
receptive  mechanism  is  of  doubtful  validity :  the  functions  of  excitability 
and  contractility  or  secretion  are  so  closely  related  that  it  is  impossible 
to  imagine  a  muscle  that  is  excitable  but  does  not  contract;  or  one  that 
contracts  but  it  not  excitable.  The  separation  can  only  be  made  in  a 
restricted  sense;  i.e.,  a  muscle  may  be  inexcitable  for  some  particular 
kind  of  stimulation,  but  respond  to  others.  In  practice,  the  idea  of 
receptive  mechanism  has  been  restricted  to  the  transfer  of  nervous 
excitation  and  the  excitability  to  specifically  autonomic  drugs;  i.e., 
stimulations  that  may  be  conceived  to  act  more  especially  on  the  con- 
trasting A  and  B  regions.  Drugs  like  barium,  caffein,  the  nitrites,  the 
isoquinolin  group,  etc.,  seem  to  have  less  specific  relation  to  these  regions. 
They  could  be  conceived  as  acting  more  generally  throughout  the  cell; 
but  it  is  again  unprofitable  to  go  far  into  details  at  present.  It  is 
difficult  to  imagine  how  they  could  leave  the  energy-distribution  quite 
unchanged.  Indirectly,  at  least,  they  must  affect  the  irritability  to 
all  forms  of  stimuli. 
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The  general  physiological  conditions  of  the  cell  must  similarly  influence 
its  specific  irritability,  at  least  quantitatively.  This  is  illustrated  by  the 
influence  of  tone  and  rhythmic  activity  on  the  response  to  autonomic 
poisons. 

Space  does  not  permit  the  further  development  of  this  subject,  nor  of 
many  other  incidental  problems  that  are  highly  interesting,  but  which 
have  less  direct  application  to  the  basic  phenomena  that  characterize 
the  phenomena  of  autonomic  drug  response.  It  is  a  temptation  to  cite 
these  at  least  in  the  bibliography;  but  even  this  would  extend  the  review 
far  beyond  its  allotted  space.  The  following  titles  are  therefore,  confined 
to  the  material  that  is  directly  quoted  in  the  review. 

BIBLIOGRAPHY 

Adler.     Arch,  exper.  Path.  Pharm.,  1921,  xci,  81.     (Blood  vessels.) 

Alvarez,  W.  C.     1922.    Mechanics  of  the  digestive  tract. 

Alvarez  and  Mahoney.    Amer.   Journ.   Physiol.,   1922,   lix,  421.     (Intestinal 

rhythm.) 
Amsler,  C.    Arch,  gesammt.  Physiol.,  1920,  clxxxv,  86.     (Vagus  mechanism.) 
Amsler,  C.  and  Pick.    Arch,  exper.  Path.  Pharm.,  1919,  Ixxxv,  61.     (Blood 

vessels.) 
Anderson.    Journ.  Physiol.,  1905,  xxxiii,  414.     (Iris.) 
Anderson  and  Lanoley.     Journ.  Physiol.,  1904,  xxxi,  423.     (Sweat  glands.) 
Andrus.    Amer.  Journ.  Physiol.,  1919,  xlviii,  221.     (H-ion  on  turtle  heart.) 
Andrus  and  Carter.    Amer.  Journ.  Physiol.,  1922,  lix,  227.     (Ions  on  turtle 

heart.) 
Baver  and  Froehlich,    Arch,  exper.  Path.  Pharm.,  1918,  Ixxxiv,  33.     (Blood 

vessels.) 
Burridgr.    Quart.  Journ.  Physiol.,  1912,  v,  347.     (Epinephrin.) 
Carlson.    Amer.  Journ.  Physiol.,  1906,  xvii,  177.     (Limulus  heart.) 
Carlson,  Boyd  and  Pearcy.    Amer.  Journ,  Physiol.,  1922,  Ixi,  14.     (Cardia 

and  esophagus.) 
Carlson  and  Luckhardt.    Amer.  Journ.  Physiol.,  1920,  liv,  55.     (Frog  lung.) 

Ibid.,  liv,  261.     (Reptilian  lung.) 
Cobb,  8.    Amer.  Journ.  Physiol.,  1918,  xlvi,  478.     (Sympathetic  innervation 

8iri[)ed  muscle.) 
CoLLiP.     Amer.  Journ.  PhyHiol.,  1920,  liii,  477.     (Spleen  extract.) 
CoRi.    Arch.  cxix;r.  Path,  Pharm.,  1921,  xci,  130.     (Vagus.) 
CCSHNT,  A.  R.    Journ,  Physiol,,  1910,  xli,  233,     (Uterus.) 
Dale  and  Laidlaw.    Journ.  Physiol.,  1912,  xlv,  1,     (Uterus,) 
Daly  and  Clark.    Journ.  PhyHiol,,  1921,  liv,  367.    (Frog  heart.) 
Db  Boer.    S^ntrnlb.  Hiochom.  u.  Biophys,,  1916,  xviii,  678,    (Sympnthctic  and 

skeletal  musclo.) 
DiBDBM.    Zentrnlb,  Hiochom.  u,  HiophyH,,  1915,  xviii,  3.')2.     (Sweat  glandn.) 
DVBBBB  DB  Barknnr.    Arch,  gosammt,  Physiol.,  1916,  clxvi,  145.     (Sympathotio 

and  striped  mueole.) 


PHARMACOLOGY   OF   AUTONOMIC    SYSTEM  503 

DusSER  DE  Barenne.     Kon.  Akad.  Amsterdam,  1919,  Proc.  21,  no.  9.     (Sympa- 
thetic and  striped  muscle.) 
Edmunds,  C.  W,     Journ.  Pharm.  Exper.  Therap.,   1920,  xv,  201.     (Retractor 

penis.) 
Edmunds  and  Roth.     Journ.  Pharm.  Exper.  Therap.,  1920,  xv,  189.     (Bladder.) 
Elliott,  T.  R.     Journ.  Physiol.,  1907,  xxxv,  396.     (Bladder.) 
Engeloch,  F.     Zeitschr.  f.  Biol.,  1915,  Ixvi,  99.     (Epinephrin.) 
Eyster,  J.  A.  E.  AND  Meek.     Physiol.  Reviews,  1921,  i,  1.     (Cardiac  innerva- 
tion.) 
Frank  and  Katz.    Arch,  exper.  Path.  Pharm.,  1921,  xc,  149.     (Local  anesthetics 

on  muscle.) 
Frank  and  Nothmann.     Chem.  Abstracts,  1921,  xvi,  588.     (Physostigmin  and 

scopolamin.) 
Frank  and  Stern.    Arch,  exper.  Path.  Pharm.,  1921,  xc,  168.     (Guanidin.) 
Froehlich   and   Pick.     Zeitschr.    exper.    Med.,    1920,    xi,   89.     (Physostigmin 

sensitization.) 
Fuehner.     Arch,  exper.  Path.  Pharm.,  1920,  Ixxxviii,  179.     (Guanidin.) 
Gaskell,  \V.  H.     The  involuntary  nervous  system,  1916. 
GoHARA.     Cited  by  Langley,  1920,  p.  36.     (Uterus.) 
GuNN  AND  GuNN.     Joum.  Pharm.  Exper.  Therap.,  1914,  V,  527.     (Uterus.) 
GuNN  AND  Underbill.    Quart.  Journ.  Exper.  Physiol.,  1914,  viii,  275.     (Intes- 
tine.) 
Haffner.    Arch,  intern.  Pharm.  Therap.,  1918,  xxiv,  547.     (Atropin.) 
Harries.     Zeitschr.  gesammt.  exper.  Med.,  1918,  vi,  301.     (Frog  ventricle) 
Henderson,  V.  E.     Journ.  Pharm.  Exper.  Therap.,  1922,  xix,  271.     (Atropin.) 
Hett.    Arch,  exper.  Path.  Pharm.,  1920,  Ixxxviii,  30.     (Nicotin.) 
Heymann,  p.    Arch,  exper.  Path.  Pharm.,  1921,  xc,  27.     (Blood  vessels.) 
Hildebrandt.     Arch,  exper.  Path.  Pharm.,  1920,  Ixxxvi,  225.     (Blood  vessels.) 
Hunt,  R.    Amer.  Journ.  Physiol.,  1918,  xlv,  197,  231.     (Cholin  vasodilatation.) 
KiRSTE.     Arch,  exper.  Path.  Pharm.,  1921,  Ixxxix,  106.     (Frog  heart.) 
Kolm  and  Pick.    Arch,  gesammt.   Physiol.,   1920,   Arch,   gesammt.     Physiol., 

clxxxv,  237;  clxxxix,  137;  cxc,  79.     (Paradoxic  cardiac  responses.) 
KoNDO.     Chem.  Abstracts,  1919,  xiii,  2930.     (Veratrin.) 

KuRODA.     Journ.  Pharm.  Exper.  Therap.,   1916,  ix,  187.     (Ileo-colic  sphincter.) 
KuRODA  AND  KuNO.    Ref.  Zent.  Biochem.  u.  Biophys.,  1916,  xviii,  760.     (Vagus.) 
Langley,  J.  N.     The  autonomic  nervous  system,  1921. 
Langley,  J.  N.     Journ.  Physiol.,  1901,  xxvii,  237.     (Vagus.)     Ibid.,  1913  and 

1914,  xlvii,  159;  xlviii,  73.     (Curare  and  nicotin.) 
Langley  and  Kato.     Journ.  Physiol.,  1915,  xlix,  410.     (Physostigmin.) 
LoEWE,  S.     Zeitschr.  gesammt.  exper.  Med.,  1918,  vi,  289.     (Frog  ventricle.) 
LoEwi,  O.    Arch,  exper.  Path.  Pharm.,  1917,  Ixxxii,  131;  Ixxxiii,  366;  Arch,  ges- 
ammt. Physiol.,  1921,  clxxxvii,  105,  123.     (Heart.) 
LucKHARDT,  A.  B.  AND  Carlson.    Amer.  Journ.  Physiol.,  1920,  liv,  122.     (Sala- 
mander limg.)     1921,  Iv,  13.     (Reptilian  lung);    Ivi,  72   (Pulmonary 
vessels,  frog.) 
Macht,  D.  I.     Journ.  Urol.,  1922,  vii,  407.     (Prostate.) 
Macht  and  Ting.     Proc.  Soc.  Exper.  Biol.  Med.,  1922,  xix,  234.     (Bronchi.) 


504  TORALD   SOLLMANN 

Magnus,   R.    Arch,   exper.   Path.   Pharm.,   1903,   1,   86.     (Sipunculus.)     Arch. 

gesammt.    Physiol.,    1904,    cii,  515;  ciii,  525.     (Excised  intestines.) 

Ibid.,  1908,  cxxiii,  99.     (Antagonism.) 
Maktin,  E.  G.  and  Armitstead.    Amer.  Journ.  Physiol.,  1922,  lix,  37.     (Epine- 

phrin  on  striped  muscle.) 
Meighan.     Ref.  Zent.  Biochem.  u.  Biophys.,  1919,  xx,  224.     (Guanidin.) 
MuTO.    Ref.  Joum.  Amer.  Med.  Assoc,  1916,  Ixvi,  1752.     (Sweat.) 
Ogawa.    Arch,  exper.  Path.  Pharm.,  1912,  Ivii,  89.     (Epinephrin.) 
Pearce,  R.  G.    Biochem.  Zeitschr.,  1913,  Ixii,  243.     (Vessels.) 
P*iCK,  E.  P.     Wien.   Klin.   Wochenschr.,  1920,  no.  50.     (Paradoxic  effects  of  car- 
diac poisons.) 
RlEBSER,   O.   AND  Neuschloss.    Arch.   exper.   Path.   Pharm.,    1921,    xci,   342. 

(Acetyl-cholin.)     Ibid.,  1922,  xcii,  254.     (Nicotin.) 
RosENOW,  G.     Zeitschr.  exper.  Med.,  1921,  xii,  263.     (Guanidin  on  heart.) 
Rothlin.    Biochem.  Zeitschr.,  1921,  cxi,  257.     (Arteries.) 
Sakai,  T.     Zeitschr.  Biol.,  1914,  Ixiv,  505.     (Frog  heart.) 
Sasaki,    T.      Pharmakolog.     Institut     der     Kaiserl.     Kyushu,     Univ.     1921. 

(Ventricular    strips.) 
ScHAFER,  M.     Zeitschr.  Biol.  1915,  Ixvi,  141.     (Calcium  deficit.) 
Schmidt,    A.    K.    E.    Arch,  exper.  Path.    Therap.,    1921,    Ixxxix,    144.   (Blood 

vessels.) 
ScHTTLLER.    Arch.  exper.  Path.  Pharm.,  1921,  xc,  196.     (Frog's  rectum.) 
ScHiTELLER,   J.  AND  Athmer.    Arch.  exper.  Path.  Pharm.,  1921,  xci,  125.    Verh, 

Deuts.  Pharmakol.  Ges.,  1:13.     (Local  anesthetics  on  tone.) 
Tashiro,  S.    Tohoku  Journ.  Exper.  Med.,  1920,  i,  102.     (Intestinal  sympathetic.) 
Trendelenburg.    Arch,  exper.  Path.  Pharm.,  1917,  Ixxxi,  55.     (Peristalsis  of 

excised  intestine.) 
VVastl.    Zeitschr.  f.  Biol.,  1921,  Ixxiv,  77.     (Skin  glands  of  toad.) 
ZwAARDEMAKER,  J.    Arch.  gcsammt.  Physiol.,  1918,  clxxiii,  28.     (Radioactive 

substances.) 


THE  LEUKOCYTES 
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To  Hewson  we  owe  the  discovery  of  the  leukocytes,  the  early  recogni- 
tion of  their  importance  in  pathological  processes  we  owe  to  Virchow, 
and  to  Ehrlich  we  are  indebted  for  the  development  of  a  technique 
which  made  possible  their  differentiation.  Ehrlich's  classification  of 
leukocytes,  based  on  morphology  and  specific  tinctorial  reactions  of 
protoplasmic  granules,  forms  the  base-line  for  almost  a  half-century 
of  investigation  of  the  varied  hematological  problems  thus  opened  up. 
There  has  grown  up  in  this  period  a  literature  of  such  tremendous  volume 
that  its  review  approaches  the  impossible  and  would  in  fact  be  unde- 
sirable, as,  in  the  course  of  time,  there  has  developed  a  certain  stabiliza- 
tion of  knowledge  of  the  subject  which  renders  many  earlier  discussions 
and  opinions  obsolete.  My  purpose  therefore  in  this  paper  is  rather  to 
summarize  or  restate  present-day  opinions  concerning  leukocyte  biology. 

Any  discussion  of  leukocytes  must  begin  with  a  classification  of  the 
forms  found  in  the  circulating  blood  of  the  adult  animal  and  the  classi- 
fication of  Ehrlich  is  the  one  generally  accepted,  with,  however,  various 
reservations  as  to  interpretation  of  forms  and  their  relations.  One 
must  recognize  three  major  groups  of  cells:  the  granular  group  of  Ehr- 
lich (the  granulocytes),  the  lymphocytes,  and  the  large  mononuclear 
transitional  group  (the  monocytes  of  Naegeli).  The  last  two  groups 
form  the  non-granular  cells  of  the  Ehrlich  classification.  That  this 
grouping  is  valid  and  represents  in  all  probabiUty  a  fundamental  varia- 
tion in  function  of  the  different  types  of  cells  is  clearlj^  indicated  by 
the  fact  that  similar  types  of  cells  are  found,  not  only  throughout  the 
vertebrate  series  of  animals,  but  also  quite  generally  throughout  the 
invertebrates  (KoUmann) . 

However,  the  claim  of  the  Ehrhch  school  that  the  particular  chemi- 
cal reaction  of  the  characteristic  granules  of  the  granular  group  of 
cells  is  necessarily  a  criterion  of  specific  function  has  been  challenged 
and  possibly  justly.  Weidenreich  in  opposition  to  the  Ehrlich  view 
emphasizes  the  well-known  fact  that,  while  in  man  the  granulation 
of  the  dominant  polymorphonuclear  cell  has  a  neutrophilic  reaction, 
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in  the  rabbit  the  morphologically  and  functionally  equivalent  cell  has 
an  eosinophihc  (pseudo-eosinophilic)  reaction,  in  the  guinea  pig  ampho- 
philic, and  in  the  rat  and  mouse  granules  are  undemonstrable  by  use 
of  the  ordinary  strains.  It  is  further  recognized  that  within  a  single 
species  of  animal  the  reaction  of  one  type  of  granule  may  change  in 
the  course  of  its  development.  For  example,  in  the  guinea  pig  the 
granules  in  the  developing  eosinophilic  myelocyte  are  basophilic 
in  reaction  (DowTiey).  Even  in  the  circulating  blood  in  man, 
in  a  case  of  sharp  eosinophilia  (60  per  cent  of  13,000  leukocytes), 
I  have  noted  basophiUc  granules  among  the  eosinophilic  and  even 
cells  in  which  granules  of  obvious  eosinophilic  size  and  character  were 
entirely  basophiUc  in  reaction.  Yet  it  must  be  admitted  that  the 
granules  of  the  mature  eosinophilic  cells  all  show  definitely  an  eosino- 
philic reaction.  In  spite  of  these  variations  in  reaction,  one  must 
admit  that  in  the  circulating  blood  there  are  three  distinct  types  of 
mature  granular  cell,  the  neutrophiUc,  eosinophihc  and  basophilic 
and  that  the  distinct  granules  must  in  all  probabihty  be  related  in  some 
way  to  the  different  functional  activity  of  the  cells.  I  am  not  willing 
to  accept  Weidenreich's  conclusion  that  the  neutrophilic  is  the  only 
granule  in  the  leukocytes  of  man  which  is  of  endogenous  origin  and 
the  result  of  protoplasmic  activity. 

The  application  of  the  Romanowsky  type  of  stain  to  the  leukocytes 
early  revealed  an  error  in  the  EhrUch  designation  of  the  lymphocyte 
and  large  mononuclear  groups  of  cells  as  non-granular,  hyalin  types. 
The  lymphocyte  is  shown  to  contain  a  few  coarse, — at  times  rod-shaped 
— granules,  with  a  metachromatic  reaction,  while  the  large  mononu- 
clear group  shows  a  fine  azurophile  granulation.  That  these  granules 
may  be  a«  important  functionally  as  those  of  the  so-called  granular 
group  of  cells  i.s  not  to  be  doubted. 

This  gives  us  then  five  distinctive  typos  of  granules  in  five  separate 
and  distinctive  types  of  cells  in  the  normal  circulation  of  man;  the 
polymorphonuclear  cell  with  fine  neutrophile  granules;  the  polymor- 
phonuclear (usually  l)ilol)ed)  cell  with  coarse*  cosinophilo  granules; 
the  cell  with  irregular  nucleus  (often  polyiiiorpliic,  sometimes  round) 
with  coarse  basophilic  granules;  tiie  small  lyniphocyle  witii  a  few  )n(>ta- 
chromatic  grunulcs;  and  the  large  mononuclear  (or  transitional  of 
Ehrlich)  with  n  fine  azurophile  granulation.  There  is  no  ten(l(>ncy 
in  medical  literature  at  tlir  prcsrnt  lime  lo  regard  these  as  other  than 
independent  forms,— end-irelis — with  no  developmcnit  from  one  type 
into  another.     The  Ehrlich  tenn  "transitional"  for  the  large  mononu- 
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clear  cell  with  indented  or  lobed  nucleus,  has  long  been  recognized  as 
a  misnomer.  The  cell  does  not  become  a  polj^morphonuclear  neutro- 
phile,  as  was  supposed.  There  has  been  a  shifting  of  discussion  from 
the  question  of  possible  relationship  and  transition  between  these 
mature  cells  to  the  question  of  relationship  between  their  ancestor- 
forms,  and,  further,  of  the  relationship  of  these  stem  cells  to  the 
ancestor  of  the  red  blood  cell  series  and  to  endothelium.  As  it  is  uni- 
versally agreed  that  the  primitive  parent  of  all  blood  cells  is  an  undif- 
ferentiated embryonic  mesenchyme  cell,  the  moot  point  is  the  question 
as  to  how  early  or  how  late  the  totipotentiality  (as  far  as  the  blood  is 
concerned)  of  this  cell  is  lost.  Does  differentiation  take  place  early 
in  embryonic  life,  or  does  there  survive  in  lymphoid  tissue  (including 
the  red  marrow)  until  late  in  adult  life  or  in  fact  throughout  adult 
Ufe,  a  cell  that  is  still  totipotential?  This  question  is  the  Shibboleth 
which  has  divided  the  camp  of  the  hematologists.  One  group,  follow- 
ing the  lead  of  Ehrlich,  accepts  the  answer  of  an  early  embryonic  dif- 
ferentiation of  cells,  and  constitutes  the  so-called  polyphyletic  school. 
While  this  school  recognizes  the  presence  of  immature,  undifferenti- 
ated cells  in  the  hematopoietic  tissues  of  the  adult,  yet  they 
would  assign  to  such  cells  the  power  to  develop  along  but  a  single 
line  predestined  from  the  embryonic  period.  These  cells,  then,  mor- 
phologically indistinguishable  from  each  other,  are  potentially  wide 
apart.  The  monophjdetic  school,  on  the  contrary,  following  the  funda- 
mental studies  of  Pappenheim,  Maximow  and  others,  recognizes  in  an 
indifferent  free  amoeboid  mesenchyme  cell  of  Ijinphocyte  character, 
with  basophihc  granule-free  protoplasm,  the  parent  stem  cell  of  all 
types  of  blood  cells — a  polyvalent  cell,  persisting  in  lymphoid  tissues 
throughout  life.  The  line  of  development  of  this  cell  depends  upon 
the  type  of  external  stimulus  and  not  upon  inherent  latent  tendencies. 
The  embryology  of  a  fixed  tissue  is  difficult,  but  how  much  more 
difficult  the  determination  of  relationship  in  a  group  of  cells  which 
are  not  only  capable  of  independent  motion  and  early  wander  from  their 
place  of  origin,  but  which  also  are  soon  caught  in  the  whirl  of  a  circu- 
lating medium.  In  addition  to  general  recognition  of  origin  from  a 
mesenchyme  cell,  there  seems  to  be  agreement  that  in  all  animals  the 
first  blood  formation  takes  place  in  the  yolk  sac.  Beyond  this  point 
one  is  forced  to  conclude  that  there  must  be  variation  in  different  orders 
of  vertebrates  or  that  observation  is  of  such  difficulty  that  personal 
opinion  weighs  heavy  in  the  conclusion,  for  even  in  the  later  embryologi- 
cal  studies  there  is  wide  divergence  of  opinion. 
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Thus  Stockard  in  a  study  of  the  Hving  yolk  sac  of  a  Teleost,  (Fundu- 
lus  heterocUtus)  finds  that  four  distinct  types  of  cells,  endothelium, 
hematoblasts  and  two  types  of  chromatophores,  develop  in  the  same 
environment  from  apparently  similar  wandering  mesenchyme  cells. 
His  conclusion  is  that  these  cells  must  have  been  differentiated  before 
they  wandered  from  the  point  of  their  origin  else  the  identical  external 
conditions  should  have  produced  differentiation  along  but  a  single 
line.  In  further  experiments,  in  which  the  heart's  action  and  the 
development  of  a  circulation  w^as  prevented  by  alcoholic  intoxication, 
he  finds  that  although  vessels  are  formed,  they  contain  no  red  blood 
cells  and  there  is  not  the  shghtest  evidence  of  red  blood  cell  formation 
from  endothehal  cells.  A  further  early  differentiation  or  predestina- 
tion he  believes  is  indicated  by  the  fact  that  the  red  blood  cells  arise 
in  the  posterior  part  of  the  embryo,  while  the  leukocytes  arise  later 
and  from  the  anterior  region. 

In  birds,  on  the  other  hand,  Sabin,  working  with  living  yolk-sac 
membranes,  finds  that  there  is  first  developed  from  the  mesenchyme 
an  angioblast,  from  which  are  derived  not  only  endothehal  cells  but 
also  red  blood  cells.  The  latter  may  also  arise  from  more  mature 
endothehal  cells.  The  endothehal  cells,  further,  prohferate,  giving 
rise  to  large  mononuclear  cells  of  the  blood  and  the  clasmatocytcs  of 
the  tissues.  The  forerunner  of  the  granular  leukocyte  of  the  chick 
appears  in  tissues  in  close  proximity  to  blood  vessels  and  is  at  first  not 
to  be  distinguished  from  a  single  angioblast.  It  is  only  surely  dis- 
tinguishable by  its  behavior  after  division.  Two  angioblasts  cohere, 
leukobiasts  separate.  Sabin  does  not  recognize  a  primitive  connnon 
blood  stem  cell  or  "  hematoblast"  and  apparently  does  not  wish  to 
identify  her  "angioblast"  as  such. 

DanchakofT,  however,  studying  embryonic  chick  material,  concludes 
definitely  that  there  does  separate  from  the  primitive  mesenchyme 
a  parent  blood  cell — the  "  hemHtoblast"~-which  develops  into  red  blood 
cella  if  caught  within  a  dcvc^loping  blood  vessel,  and  into  a  leukocyte 
if  it  lies  in  a  diflfcrcnt  environment,  that  of  the  cxtravascular  tissues. 

Thiel  and  Downey  studying  hematopoiesis  in  the  spleen  of  the  embryo 
pig,  find  that  a  "  hcrnatoblast"  frees  itself  from  the  meseucliyme  and 
develops  into  red  blood  cells  chiefly  in  cxtravascular  spaces.  While 
few  leukocyt<?H  an;  formed  at  any  time  in  the  spleen,  they  apparently 
arise  from  a  riirniliir  or  the  Hamo  parent  stem  cell,  liymphocytcs  sepa- 
rate from  mesenchyme  ccIIh  directly  without  an  intervening  hemato- 
blast  stage. 
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It  is  difficult  to  reconcile  such  varied  findings  as  these  with  the  assump- 
tion of  a  similar  type  of  development  of  blood  cells  in  all  types  of  verte- 
brates. One  might  perhaps  better  conclude  it  is  another  case  of 
scales,  feathers  and  hair.  Gross  variations  in  hematopoiesis  and  in 
mature  cells  are  found  in  adult  animal  forms  of  the  different  groups. 
It  is  well  known,  for  example,  that  in  the  adult  bird,  red-cell  formation 
takes  place  intravascularly,  while  in  the  mammalian  marrow  it  occurs 
definitely  extravascularly.  The  loss  of  nucleus  from  the  mammalian 
red  corpuscle  is  another  well-known  deviation  from  the  blood  of  lower 
vertebrate  forms.  The  variation  in  type  of  the  special  granules  of  the 
polymorphonuclear  leukocyte,  seen  among  the  members  of  the  mamma- 
lian group,  has  already  been  referred  to. 

In  spite  of  the  lack  of  desired  proof  from  embryological  studies,  there 
appears  to  have  been  a  growing  tendency  to  accept  the  unitarian  or 
monophyletic  doctrine  for  the  origin  of  the  blood  cells,  even  in  adult 
life.  The  polyphyletic  doctrine,  allowing  in  the  adult  only  homoplas- 
tic origin  of  blood  cells,  like  cell  from  like,  seems  too  narrow  to  explain 
many  pathological  phenomena  of  hematopoiesis.  It  postulates  too 
sharp  a  specificity  of  cells.  The  problem  is  practically  the  same  as 
that  with  which  one  is  confronted  in  the  fixed  connective  tissue  cells. 
One  must  apparently  concede  that  the  latter  can  not  only  lay  down 
both  white  fibers  and  elastic  fibers,  but  also,  under  certain  environ- 
mental stimuli,  can  show  a  metaplasia  and  assume  an  osteoblastic 
function.  The  only  difference  between  the  assumptions  for  the  two 
groups  of  cells  is  that  in  the  fixed  connective  tissue  cell  the  variation 
in  function  is  manifested  in  a  variety  of  extracellular  products,  while 
in  the  wandering  blood  cells  it  is  indicated  by  an  intracellular  varia- 
tion. It  seems  quite  possible  then  that  one  may  have  to  assume  for 
the  whole  mesenchyme  group  of  cells  a  greater  plasticity  or  a  more 
permanent  possession  of  embryonic  characters  than  is  generally  assumed 
or  than  is  shown  by  epitheUal  structures.  If  the  transformation  of 
smooth  muscle  into  the  striated  voluntary  muscle  type  as  claimed  by 
Carey  under  certain  experimental  conditions  is  confirmed,  we  have 
further  evidence  of  plasticity  even  in  the  more  fixed  tissues  of  the 
middle  germ  layer. 

The  cell  for  which  this  totipotentiality  is  claimed  has  received  at 
the  hands  of  hematologists  a  great  variety  of  designations;  the  large 
lymphocyte,  the  indifferent  lymphoid  cell,  the  lymphoblast,  the  lympho- 
gonien,  the  myeloblast,  etc.  It  is  a  cell  with  large,  pale-staining,  vesic- 
ular nucleus  and  a  scant  rim  of  basophilic  protoplasm  without  specific 
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granulation — a  young-looking  undifferentiated  cell.  Such  a  cell  is 
found  constantly  in  the  bone  marrow  and  in  lymphoid  tissue.  That 
a  totipotential  cell  of  this  character  is  present,  in  small  numbers  at 
least,  in  the  normal  circulating  blood  appears  to  be  the  simplest  ex- 
planation of  such  phenomena  as  the  occurrence  of  red  marrow  in 
metaplastic  cancellous  bone  in  the  aorta,  as  described  by  the  author, 
and  the  experimental  production  of  red  marrow  in  association  with 
metaplastic  bone  in  the  necrotic  kidney  of  the  rabbit  as  described  by 
Maximow.  Yet  such  a  circulating  cell  has  not  been  positively  identified 
unless  one  assumes  with  Maximow  that  any  of  the  smaller  and  larger 
lymphocytes  may  grow  into  this  indifferent  lymphoid  cell  and  that  this 
latter  may  then  show  metaplastic  development.  I  have  been  inclined  to 
regard  the  smallest  lymphocytes  as  end  cells  and  to  assign  embryonic 
characters  to  the  large  mononuclear  cell  with  round  nucleus  and  very 
basophilic  protoplasm. 

In  certain  pathological  blood  pictures  and,  in  particular,  in  the  acute 
leukemias  of  marrow  origin,  the  circulation  is  fairly  flooded  with 
primitive  cells.  One  has  in  the  acute  myelogenous  (myeloblastic) 
leukemia  an  unlimited  proliferation  of  this  primitive  cell  without  dif- 
ferentiation. Accordingly,  there  is  lacking  in  the  circulation  every 
element  that  might  be  derived  from  it.  Red  blood  cells  show  a  con- 
stantly diminishing  number  (an  aplastic  anemia) ;  granular  leukocytes 
and  blood  platelets  are  lacking.  Only  myeloblasts  and  lymphocytes 
represent  the  leukocytic  content.  In  the  chronic  splonomyelogonous 
(myelocytic)  leukemia  one  has  an  equally  unhmited  proliferation  but 
with  partial  differentiaktion,  and  the  blood  stream  is  flooded  with  mye- 
locytes, nucleated  red  blood  cells,  platelets  (small  and  large)  and  even 
with  the  megalakaryocytcs.  By  contrast  again,  in  pernicious  anemia 
diflTercntiation  is  toward  the  hemoglobin-contaming  cells,  and  marrow 
leukocytes  and  platelets  show  diminishing  numbers  as  the  disease 
progresses.  I  am  aware  that  the  "crowtling  out"  theory  has  been 
advanced  to  explain  the  phenomena  just  cited,  but  it  seems  less  satis- 
factory. The  monophylctic  theory  seems  eminoiitly  satisfactory  even 
though  it  offers  some  difliculties  in  addition  to  the  lack  of  absolute 
proof.  Danchakoff  objects  that  indifferent  cells  in  marrow  tissue 
should  l>c  Hubject  to  the  same  stimuli  and  thus  differentiation  should 
proceed  in  the  name  direction  in  all.  1  doubt  the  validity  of  the  premise 
upon  which  the  objection  rests.  Evidence  tends  much  more  toward 
the  view  that  phynica!  and  rheniical  conditions  are  not  imiforin  through- 
out ev<M»  Minjill  masses  of  tissue  and  probably  not  throughout  even  the 
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colloid  mass  which  constitutes  the  body  of  a  single  cell.  Varying  dis- 
tances from  the  source  vary  the  intensity  of  normal  and  toxic  stimuli, 
oxygen  tension  and  the  like. 

The  assumption  then  of  the  totipotential  cell  simpHfies  the  consid- 
eration of  hematological  problems  if  one  can  avoid  the  complicated 
schemes  of  development  and  relationship  propounded  by  certain  ad- 
vocates of  the  monophyletic  theory,  notably  Pappenheim.  From  this 
indifferent  cell  there  is  differentiated,  as  I  have  suggested  elsewhere,  a 
sufficient  amount  of  varied  marrow  and  lymphoid  tissue  in  the  body 
to  maintain  a  fairly  constant  circulating  number  of  red  and  white 
cells.  Production  keeps  pace  with  destruction,  as  is  shown  by  the 
constant  ratio  manifested  in  the  circulating  blood.  While  there  is  a 
rather  wide  variation  in  the  normal  number  of  leukocytes  and  the  per- 
centage of  different  forms  as  seen  in  the  differential  count  in  different 
people,  for  an  individual  in  health  the  number  and  the  differential 
picture  are  fairly  constant.  One  may  still  say  the  average  normal 
total  leukocyte  count  is  7500  per  cu.  mm.  (7300,  Miller's  figure  for 
280  cases).  However,  the  author  was  surprised,  in  making  differential 
counts  on  supposedly  normal  students  at  Wisconsin  University,  to  find 
the  proportion  of  the  various  forms  of  cells  quite  different  from  that 
given  by  Ehrlich.  The  70  to  72  per  cent  of  neutrophile  leukocytes  of 
the  Ehrlich  data  was  strikingly  above  the  average  given  in  the  series 
of  the  author's  counts  (54.6  per  cent)  in  which  a  Romanowsky  type 
stain  was  used  instead  of  the  Ehrlich  triple  stain.  Miller's  repetition 
of  the  work  on  a  much  larger  scale  gives  an  intermediate  figure  of  62 
per  cent,  in  counts  with  Wilson's  stain.  I  am  inclined  to  accept  Mil- 
ler's figure  not  only  in  view  of  his  larger  material,  but  also  as  a  result 
of  my  long-continued  study  of  the  changes  produced  in  the  leukocytic 
formula  by  low  grade  chronic  non-disabling  infections,  particularly 
of  the  upper  respiratory  tract  which  are  particularly  prevalent  in 
the  locality  in  which  my  counts  were  made.  Latent  "childhood" 
tuberculous  infection  is  quite  apparently  the  modifying  agent  in  some 
of  the  counts  given. 

The  occurrence  of  a  normal  individual  leukocyte  formula  raises 
immediately  the  question  of  its  importance.  Has  it  physiological 
significance  and  if  so  what  significance?  In  answer  to  the  question, 
it  would  seem  that  at  the  present  time  we  have  no  evidence  of  what 
might  be  called  a  purely  physiological  function  for  the  leukocytes.  As 
far  as  it  is  known,  their  function  may  be  said  to  be  pathological.  At 
least  it  is  protective,  and  less  physiologically  protective  than  that  of 
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skin.  It  is  rather  difficult  to  accept  this  conchision  when  one  considers 
that  the  leukocyte  is  a  much  more  primitive  cell  than  the  physiological 
red  cell,  arid  appears  much  lower  in  the  animal  scale  than  the  latter. 
Yet  one  must  recall  that  protection  of  the  body  from  attack  and  invasion 
by  alien  and  enemy  forms  is  needed  by  the  invertebrate  as  well  as 
by  the  vertebrate  animal.  In  man  and  the  higher  animals  all  the  ex- 
posed surfaces,  inner  as  well  as  outer,  are  crowded  with  organisms, 
many  of  which  are  pathogenic  and  capable  of  invading  the  bod}^  or 
harming  it  by  toxin  production.  Finding  evidence  in  certain  acute 
infectious  diseases  (measles,  influenza)  that  pyogenic  complications 
occur  commonly  when  the  total  number  of  polymorphonuclear  neu- 
trophile  leukocj'tes  falls  below  a  certain  level  per  unit  volume  of  blood, 
it  has  seemed  justifiable  to  conclude  that  their  number  per  unit  volume 
is  normally  maintained  at  a  protective  level  against  these  same  pyo- 
genic organisms  present  on  mucous  membranes.  Bunting  and  Huston 
have  described  in  normal  animals  the  daily  emigration  of  billions  of 
lymphocytes  upon  the  mucous  membranes  and  in  particular  upon  that 
of  the  intestine.  It  would  seem  that  they  fulfil  their  functions  there 
normally.  As  the  lymphocytes  are  not  phagocytic  it  is  suggested 
they  act  as  affixers  of  toxins,  and  thus  contribute  to  the  immunity 
which  the  intestine  has  to  the  contained  organisms.  Limiting  the 
function  of  these  leukocytes  to  that  of  protection  may  be  simply  the 
expression  of  ignorance,  yet  it  would  appear  to  measure  up  to  the 
present  knowledge  we  have  concerning  them. 

For  further  consideration  of  the  leukocytes  it  would  appear  best 
to  take  up  each  type  of  cell  separately. 

The  neutrophile  leukocyte.  Neutrophile  leukocytes  are  found  in  the 
marrow  of  the  human  fetus  between  the  fourth  and  sixth  month.  They 
are  also  found  in  connective  tissue  elsewhere,  especially  about  the  thy- 
mus and  in  the  liver  (Browning).  In  the  sheep,  Goodall  finds  an  oc- 
caHJonal  leukocyte  in  the  liver  in  the  2  to  .3  cm.  embryo;  in  the  4  to  5 
cm.  embryo  leukocytes  are  fairly  numerous  about  the  thymus;  above 
5  cm.  there  is  beginning  hematopoiesis  in  the  marrow  which  becomes 
active  at  10  cm.  After  birth,  leukocyte  formation  in  the  higluM-  aiii- 
mala  occurs  normally  only  in  the  marrow.  The  mature  neutrophils, 
with  itfl  charftctcristic  nucleus,  is  a  development  through  well-recog- 
nised changeR  from  the  myelocyte  with  round  vesicular  nucleus 
and  a  neutrophilic  granulation.  The  myelocytes  arise  both  hoino- 
plajitically  by  raitoHis  in  similar  granular  colls,  and  heteroplasti- 
cally  by  the  development  of  granules  in  a  primitive  cell  with  hyalin 
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protoplasm.  I  have  emphasized  the  fact  that  the  marrow  cells  are 
grouped  in  extravascular  centers,  in  which  the  cells  develop  from  the 
center  toward  the  periphery,  so  that  the  mature  cell  comes  to  lie  on  the 
outside,  adjacent  to  venous  sinuses.  The  mature  neutrophile,  which 
is  the  most  actively  amoeboid  of  the  circulating  cells,  apparently  enters 
the  blood  stream  through  its  active  efforts  and  under  some  unknown 
chemiotactic  influence.  Equally  unknown  is  the  regulatory  mechanism 
of  the  supply  to  the  circulation.  A  normal  marrow  apparently  con- 
tains a  considerable  supply  of  mature  leukocytes.  This  is  seen  in 
sections  of  red  marrow.  It  is  also  indicated  by  unpubhshed  experi- 
ments in  this  laboratory  which  show  that  in  the  rabbit  so  sUght  a  stimu- 
lus as  the  injection  of  1  cc.  of  normal  salt  solution  in  an  ear  vein  will 
call  out  a  total  of  300,000,000  neutrophiles  (pseudo-eosinophiles)  in 
one  hour.  This  time  interval  is  too  short  for  the  increase  in  circulating 
cells  to  represent  other  than  an  increased  out-pouring.  It  is  not  ap- 
parent why  but  a  certain  proportion  of  these  cells  enters  the  blood 
stream  normally  and  the  rest  remain  in  the  marrow  as  a  reserve. 

As  the  neutrophile  enters  the  blood  stream  its  nucleus  usually  shows 
three  lobes  with  connecting  chromatin  bands.  Apparently  as  a  result 
of  ageing,  the  lobes  increase  in  number  to  4,  then  to  5  and  even  to  6, 
as  emphasized  by  Arneth,  who  has  constructed  definite  formulae,  in- 
dicating the  degree  of  marrow  activity.  The  length  of  Ufe  of  the  neu- 
trophile within  the  circulation  and  its  ultimate  fate  have  not  been  ab- 
solutely determined;  Weiskotten  and  Steensland,  by  argument  not 
entirely  free  from  criticism,  have  concluded  from  leukocyte  curves 
obtained  in  benzol  poisoning  in  the  rabbit,  that  the  neutrophile  lives 
3  days  in  the  circulation. 

The  granules  in  the  protoplasm  of  the  neutrophile  are  held  to  be 
endogenous  and  the  result  of  protoplasmic  activity,  even  by  Weidenreich, 
and  they  are  the  only  leukocytic  granule  so  accepted  by  him.  That 
any  feature  of  its  functions  is  displayed  while  in  the  normal  circula- 
tion we  have,  as  stated  earlier,  no  evidence.  The  part  played  by  the 
cell  in  pathological  processes,  in  the  coagulation  of  blood,  in  the  diges- 
tion of  proteid  by  its  proteolytic  enzyme,  active  in  an  alkahne  medium 
(Opie),  and  in  the  ingestion  and  destruction  of  bacteria,  in  particular 
of  the  so-called  pyogenic  group,  is  too  well  known  to  need  more  than 
mention.  It  may  be  said  however  that  it  is  becoming  more  evident 
that  the  neutrophile  is  not  an  active  defensive  agent  against  all  infect- 
ing organisms,  but  that  in  several  acute  infections,  notably  typhoid 
fever,  measles  and  influenza,  and  in  at  least  one  chronic  infection, 
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tuberculosis,  there  is  a  marrow  inhibition,  with  a  diminished  number 
of  neutrophils  in  the  circulation.  Defense  seems  to  lie  with  the  lym- 
phoid and  mononuclear  groups  of  cells.  Even  in  pyogenic  infections, 
the  endothehal  phagocyte  is  found  to  play  a  part  almost  if  not  quite  as 
important  as  that  of  the  neutrophile. 

The  eosinophile  leukocyte.  Eosinophile  leukocytes  are  found  in  the 
fetal  tissues  as  early  and  possiblj'^  earlier  than  the  neutrophile.  Brown- 
ing found  them  in  the  walls  of  the  hepatic  and  umbilical  veins  in  a 
fetus  of  10  weeks  and  in  the  marrow  at  3^  months.  The  eosinophile 
of  the  adult  circulation  is  a  cell  of  marrow  parentage,  and  like  the  neu- 
trophile is  descended  through  a  series  of  myelocj'tes  which  may  have 
had  either  a  homoplastic  or  a  heteroplastic  origin.  The  theory  cham- 
pioned by  Weidenreich  among  many  others  that  the  eosinophile  granule 
represents  not  an  endogenous  formation  but  exogenous  material  re- 
lated to  hemoglobin  or  its  dissociation  products,  seems  so  far  removed, 
as  even  a  plausible  deduction  from  the  easiest  observations  and  experi- 
ments, as  to  be  an  absurdity.  The  whole  question  of  the  eosinophile 
has  been  recently  reviewed  by  Downey  and  by  Ringoen,  who  give 
abundant  proof  of  the  opposing  theory,  if  it  were  needed.  With  the 
early  disposal  of  the  theory  that  the  eosinophile  granule  was  but  a 
later  stage  of  the  neutrophile,  and  with  the  demonstration  of  the  en- 
dogenous nature  of  the  granule  one  may  recognize  in  the  eosinophile 
a  cell  of  specific  character.  Whether  or  not  all  eosinophiles  are  of 
marrow  origin  must  apparently  remain  a  question  still  to  be  discussed 
and  investigated.  Ringoen,  apparently,  is  convinced  that  eosinophiles 
are  formed  in  the  hemo-lymph  nodes  of  normal  sheep,  as  well  as  in  the 
marrow.  In  a  study  of  hundreds  of  human  lymph  nodes  I  have  never 
seen  evidence  of  eosinophile  production  in  them.  Emigration  of  eosino- 
philes from  the  blood  stream  into  lymph  nodes  is  of  extremely  common 
occurrence,  especially  in  pathological  conditions,  in  which  there  is  a 
destniction  of  lymphocytes  within  a  node. 

The  function  of  the  eosinophile  cell  is  problematical.  It  is  ordinarily 
not  phagocytic.  While  its  number  in  the  normal  circulation  is  small, 
under  stimulation  of  the  marrow  and  reaction  of  the  hiicv  the  nuinbor 
in  the  blood  may  be  augmentccl  more  than  a  lunulred  fold,  with  cvcM-y 
evidence  of  emigration  of  vast  numbers  from  the  circulation.  The 
cell  npfx^ars  to  share  in  the  defense  against  various  aiiiinal  parasites. 
In  addition  it  is  found  in  the  tissues,  in  inllainmations  of  the  skin  and 
mucous  membranes  of  varied  etiology  and  in  the  neighborhood  of 
tumors  of  great  variety.    Eosinophilia  is  one  of  the  phenomena  of 
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anaphylactic  shock.  Ringoen  sees  a  possible  chemiotactic  influence 
in  the  products  of  autolysis  of  cells  as  suggested  by  Fessinger,  as  an 
explanation  for  the  appearance  of  the  cell  under  this  great  variety  of 
circumstances. 

The  basophile.  The  basophilic  cell  of  the  blood  was  at  first  desig- 
nated a  "mast  cell"  by  Ehrlich  on  the  supposition  that  it  was  identical 
with  the  "mast  cell"  of  the  tissues.  The  work  of  Maximow,  Weiden- 
reich,  Pappenheim  and  others  has  shown  such  marked  differences  be- 
tween the  two  cells  that  they  must  be  recognized  as  of  two  distinct 
orders  with  a  basophihc  (metachromatic)  reaction  to  granules  in  their 
protoplasm  as  the  only  common  feature.  According  to  Maximow 
there  is  to  some  extent  a  ratio  between  the  number  of  basophiles  in 
the  blood  and  that  of  the  tissue  mast  cells.  Animals  with  many  cir- 
culating basophiles  have  few  in  the  tissues  and  the  contrary  is  also  true. 
The  status  of  the  circulating  basophile  has  apparently  not  been  definitely 
agreed  upon.  Pappenheim,  Weidenreich  and  others  consider  it  not  a 
true  granulocyte  but  a  degenerating  cell,  the  granules  representing 
products  of  degeneration.  Maximow  and  Downey,  among  others, 
are  in  accord  with  the  original  Ehrlich  conception  that  it  represents  a 
specific  granular  cell  of  bone  marrow  origin.  They  describe  homoplastic 
and  heteroplastic  development  of  basophilic  myelocytes  from  which 
the  circulating  cell  is  derived.  Physiological  observations  seem  to 
confirm  the  latter  point  of  view  which  was  arrived  at  by  the  authors 
mentioned  from  a  study  of  tissue  sections.  Circulating  basophile 
leukocytes  are  increased  relatively  and  absolutely  in  at  least  two  con- 
ditions in  which  one  has  evidence  of  increased  marrow  activity,  chronic 
myelocytic  leukemia,  and  polycythemia  vera.  They  are  also  in- 
creased in  chronic  inflammations  of  the  accessory  nasal  sinuses.  It 
would  seem  that  they  must  be  regarded  as  specific  cells;  but  we  are 
totally  in  the  dark  as  to  their  function. 

The  large  mononuclear  and  transitional  of  Ehrlich.  These  largest 
cells  of  the  circulation,  the  so-called  large  mononuclear  leukocytes  or 
monocytes  have  been  the  subjects  of  much  discussion  relating  to  their 
origin,  to  their  relation  to  other  cells,  and  to  their  function.  In  the 
circulating  blood  we  find,  normally,  large  cells  with  two  types  of  nuclei. 
The  one  has  a  large  round  or  oval  nucleus  and  a  very  basophilic  proto- 
plasm and  forms  in  the  author's  large  series  of  differential  counts 
upon  human  blood,  but  0.2  per  cent  of  the  circulating  leukocytes, 
upon  the  average.  The  other  has  a  nucleus  of  varied  shape,  at  times 
merely  indented,  more  commonly  trilobed,   at  times  S-shaped,   and 
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there  is  an  abundant  protoplasm  somewhat  basophihc  and  contain- 
ing fine  azurophile  granules  with  Romanowsky-type  stains.  This 
cell  is  more  numerous  than  the  former  and  constitutes  approximately 
6  per  cent  of  the  circulating  leukocytes.  It  is  this  cell  to  which  Ehr- 
lich  gave  the  name  "transitional"  on  the  mistaken  theory  that  it 
represented  a  stage  in  the  development  of  the  neutrophile  leukocyte. 
Ehrlich  was  uncertain  whether  its  origin  was  from  the  spleen  or  bone- 
marrow  but  considered  the  latter  most  probable.  For  many  years 
this  cell  was  considered  to  be  the  makrophage  of  Metchnikoff,  and 
thus  concerned  in  phagocytosis.  Mallory  and  his  students  have  spoken 
of  it  as  the  "endothelial  leukocyte"  on  the  supposition  that  it  is  identi- 
cal with  the  phagocytic  endothehal  cells  freed  from  the  lymph  sinuses 
and  hem-vascular  walls.  In  her  recent  article  in  these  Review^s 
Sabin  practically  accepts  this  view  as  a  result  of  her  investigation  of 
the  growing  vessels  in  the  yolk-sac  of  the  chick.  She  finds  multipli- 
cation of  endothelial  cells  which  wander  both  into  the  lumen  of  the 
vessel  (monocytes)  and  into  the  tissues  (clasmatocytes) .  In  adult 
animals  there  is  also  shown  to  be  multiplication  of  endothelial  cells 
and  their  separation  from  the  vessel  wall  and  entrance  into  the  circu- 
lation (Evans,  McJunkin,  Simpson  et  al).  There  is  no  doubt  that 
under  proper  stimulation  experimentally  or  under  certain  pathological 
conditions  endothelial  cells  may  be  found  in  the  circulating  blood. 
Simpson  in  Evans'  laboratory  has  shown  that  with  the  repeated  in- 
jection of  colloidal  dyes  into  animals  these  cells  occur  in  showers  and 
may  constitute  90  per  cent  of  the  leukocytes  in  the  right  heart,  yet 
at  the  same  time  constitute  but  0.1  per  cent  on  the  left  side.  Yet 
this  is  not  proof,  as  some  authors  seem  to  contend,  that  endothelial 
makrophages  and  large  mononuclears  are  identical. 

The  ap{)lication  of  vital  staining  to  the  leukocytes,  both  intravitam 
and  on  the  slide  (supravital  method),  it  has  been  hoped  would  settle 
this  question.  It  is  jKjrhaps  unfair  to  depend  entirely  upon  a  so-called 
biological  method  to  determine  cciU-relutionship.  Because  two  colls 
ingest  or  absorb  the  same  type  of  dye-stuff  would  not  seem  an  absolute 
proof  of  identity.  It  can  bo  shown  oxporimontally  that  both  endothe- 
lial cells  and  (Hilymorphonuch'ar  iiouttopliilos  will  ongulf  staphylo- 
cocci. Thoy  are  thus  far  biologically  related.  Likewise  large  mono- 
nuclears and  endotholial  {'oIIm  will  boluivo  alike  toward  certain  dyestuffs, 
differently  toward  otliors.  Tlio  rtwults  and  interpretation  of  n>sult,s 
vary  in  diflforcnt  hands.  Without  pursuing  the  controversy  at  length, 
I  think  the  fairest  stat^unont  of  what  the  present  day  point  of  view 
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must  be,  is  the  conclusion  of  Miriam  Simpson,  that  while  her  extensive 
work  with  vital  stains  "points  strongly  to  the  biological  affinity  of 
these  two  interesting  cell  types,  it  cannot  be  said  to  show  an  identity 
or  that  one  may  be  transformed  into  the  other  in  the  free  or  circulating 
blood  stream.  This  evidence  is  in  consonance  with  what  we  know 
about  a  similar  lack  of  transformation  of  one  type  of  leukocyte  to 
another  in  the  blood  current,  our  information  tending  to  bring  the 
conviction  that  a  cell  once  shed  into  the  stream  henceforth  usually 
undergoes  no  significant  transformation." 

My  own  study  of  the  leukocytes  of  the  circulation  in  normal  and 
pathological  states  has  led  to  the  conclusion  that  the  large  mononuclear 
with  the  round  nucleus  is  an  immature  cell  and  is  found  in  the  normal 
circulation  largely  as  an  accident.  In  its  mature  form  it  is  the  transi- 
tional cell  of  Ehrlich.  The  cell  of  this  type,  found  normally,  is  a  mar- 
row cell  and  is  increased  in  marrow  reactions  of  a  proliferative  character. 
Yet  in  certain  pathological  conditions  with  unusual  stimulation  of 
the  lymphoid  tissue  all  the  large  mononuclears  found  in  the  blood  are 
not  of  this  origin.  The  large  mononuclear  group  becomes  heterogen- 
eous and  includes  many  cells  of  lymph  gland  origin.  This  is  true  not 
only  of  the  acute  lymphatic  leukemia  picture,  but  also  of  the  blood  in 
such  infections  as  smallpox  and  measles.  EndotheUal  cells  may  also 
be  found  in  the  blood  in  these  diseases. 

The  lymphocyte.  It  is  quite  generally  agreed  that  most,  if  not  all 
the  lymphocytes  of  the  circulating  blood  are  derived  from  the  lymphoid 
tissue  in  the  body  and  reach  the  circulation  through  the  large  lymph 
channels.  This  would  seem  abundantly  proved  by  the  work  of  Rous, 
Carlson  and  Davis,  and  Bunting  and  Huston.  I  find,  however,  as 
late  as  1908  GuUand  and  Goodale  expressing  the  opinion  that  most  if 
not  all  of  these  cells  of  the  circulation  have  their  origin  in  the  bone 
marrow.  Although  extramedullary  lymphoid  tissues  furnish  the 
main  source  of  lymphocytes,  it  is  generally  accepted  that  typical  areas 
of  lymphoid  tissue  are  found  in  the  marrow,  and  that  this  tissue  may 
furnish  some  cells  to  the  circulation. 

In  the  normal  circulating  blood  one  finds  smaller  and  larger  lympho- 
cytes. The  larger  have  the  same  type  of  nucleus,  but  this  is  surrounded 
by  more  protoplasm  of  a  less  basophilic  reaction,  containing  usually 
more  coarse  granules.  It  seems  safe  to  assume  that  this  represents 
but  an  older  stage  of  the  smaller  cell.  It  is  not  to  be  confused  with  a 
larger  type  of  lymphocyte  with  very  basophiUc  protoplasm  which 
appears  in  the  circulation  under  intense  stimulation  of  the  lymph  glands 
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in  certain  infectious  diseases,  notably  measles  and  smallpox,  and  also 
in  the  acute  type  of  lymphogenous  leukemia.  This  last  cell  is  present 
in  normal  lymphoid  tissue  but  does  not  normally  appear  in  the  circula- 
tion. Certain  unpublished  observations  of  the  author  and  Mr.  Hus- 
ton show  that  if  one  makes  impression  preparations  from  lymph  glands 
of  the  rabbit  and  measures  the  cells,  while  all  gradations  are  found, 
the  greatest  number  of  the  cells  group  themselves  into  three  major 
groups;  the  largest  cells,  corresponding  to  the  lymphoblast,  have  a 
diameter  of  from  18  to  20  m  ;  an  intermediate  group  which  varies  between 
10  and  12  )u;  and  the  groups  of  smallest  cells  between  5  and  7  m-  Mi- 
totic figures  were  found  in  cells  of  the  first  two  groups,  but  were  not 
seen  in  the  smallest  cells.  This  suggests  a  development  similar  to 
that  of  the  red  cell  in  which  the  intermediate  red  cell  of  Howell  stands 
between  the  megaloblast  and  the  normoblast. 

It  is  generally  accepted  that  it  is  by  mitosis  in  the  lymphoblasts  of 
the  germinal  centers  of  the  lymph  glands  that  the  development  of  the 
lymphocyte  is  inaugurated.  This  intermediate  sized  cell  with  its 
capability  of  mitotic  division  and  thus  of  a  geometric  progression  in 
the  multiplication  of  cells,  has  not  been  generally  recognized.  It 
may,  however,  account  for  the  undue  number  of  small  lymphocytes 
apparently  produced  by  mitosis  in  a  few  lymphoblasts. 

There  is  still  uncertainty  as  to  the  embryology  of  the  lymphocyte 
and  even  of  the  post-natal  origin  of  the  cell.  Some,  as  Danchakoflf, 
maintain  the  development  of  the  lymphocyte  from  a  hemocytoblast, 
the  primitive  blood  cell  cut  off  from  the  mesenchyme.  Others,  as 
Thiel  and  Downey,  maintain  that  small  lymphocytes  are  cut  off  directly 
from  the  mesenchyme  cells  without  the  intervening  hemocytoblast 
stage.  Rabin's  study  of  the  lymph  nodes  indicates  the  possibility  of 
this  latter  mode  of  development  without,  in  her  opinion,  proving  it. 
Weidenreich  and  Downey  hold  it  definitely  proved  that  in  post-natal 
life,  the  reticulum  of  the  lymph  glands,  the  fibroblastic  tissue  of  the 
omentum,  and  po.sHibly  also  that  of  the  loose  connective  tissue  retain 
the  capactiy  of  the  embryonic  mesenchyme  to  liberate  free  lymphoid 
ccIIh.  Tlie  orthodox  view  holds  the  lyinphol)last  of  the  germinal  center 
an  the  pan^nt  of  the  lymphocyte  in  the  adult  animal.  The  necessity 
of  poMtulatiiig  a  tisHue  lymphocyte  has  largely  departed  with  the  general 
recognition  of  amoelM)id  motion  in  the  lyini)h()id  cell,  yet  complete 
hamiony  of  vIowh  on  ilw  origin  and  relation  of  the  cell  cannot  be  cx- 
pccte<l  at  the  prc«ont  state  of  our  knowledge. 
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The  work  of  Rous,  Carlson  and  Davis,  and  others  has  shown  that 
more  lymphocytes  enter  the  blood  stream  during  24  hours  than  are 
present  in  the  circulation  at  any  one  time.  Bunting  and  Huston,  in 
searching  for  a  solution  as  to  what  becomes  of  this  large  number  of 
cells  in  normal  animals,  have  found  that  they  not  only  leave  the  blood 
stream  but  also  the  body  finding  their  way  out  onto  the  mucous  mem- 
branes and  in  particular  onto  the  intestinal.  Their  normal  function 
is  apparently  fulfilled  there.  This  function  is  unknown.  If  it  be  pro- 
tective against  the  bacterial  content  of  the  intestine,  it  cannot  be  of  a 
phagocytic  nature,  as  the  lymphocyte  is  not  a  phagocyte.  It  is  sug- 
gested that  it  may  be  antitoxic  or,  in  other  words,  that  the  lymphocyte 
may  contribute  to  the  immunity  of  the  intestine  to  its  contained  bac- 
teria bj-"  affixing  toxins.  During  the  recent  years  the  lymphocyte  has 
gained  increasing  consideration  as  a  defense  cell  in  pathological 
processes.  The  work  of  Murphy  and  his  associates  has  demonstrated 
that  it  is  an  important  cell  in  the  defense  of  the  body  in  such  infections 
as  tuberculosis  and  against  cancer.  The  nature  of  this  defense,  again,  is 
unknown.  Owing  to  its  lack  of  phagocytic  power  one  seems  left  with 
but  the  possibility  that  the  lymphocyte  acts  by  affixing  toxins  and  if 
not  destroyed  by  that  toxin,  by  the  production  of  antibodies.  The 
normal  distribution  of  lymphoid  tissue  in  the  body,  the  position  of 
lymphoid  cells  in  pathological  tissues  all  speak  for  such  a  theory. 


It  seems  unnecessary  to  further  condense  this  inadequate  summary 
of  hematological  problems  into  a  formal  set  of  conclusions.  In  the 
present  state  of  our  knowledge,  judgment  passed  on  many  of  these 
problems  would  be  premature  and  would  have  only  the  weight  of 
opinion.  It  must  be  left  to  further  investigations  to  determine  in  full 
the  life  history  and  the  functions  of  the  different  leukocyte  forms. 
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THE  PRESENT  STATUS  OF  THE  FUNCTIONS  OF  THE 
THYROID  GLAND 

DAVID  MARINE 

Laboratory  Division,  Montefiore  Hospital,  New  York  City 

We  probably  possess  a  more  detailed  knowledge  of  the  embryology, 
anatomy,  physiology,  chemistry  and  pathology  of  the  thyroid  than  of 
any  other  gland.  But  as  regards  its  interrelations  with  other  tissues, — a 
vastly  greater  and  more  important  field, — it  can  truthfully  be  stated 
we  are  only  at  the  beginning  of  any  definite  knowledge. 

No  attempt  will  be  made  to  refer  to  or  review  all  the  literature  rela- 
tive to  thyroid  physiology  that  has  appeared  during  the  last  decade. 
Excellent  reviews  of  this  type  are  available  in  an  article  by  Vincent  (1) 
in  1911  and  in  certain  textbooks,  notably  Biedl's  (2).  Rather  a  critical 
summary  of  the  present  status  of  certain  phases  of  our  knowledge  of 
this  gland  and  some  of  the  important  steps  involved  in  acquiring  it  as 
they  appear  to  the  author  will  be  attempted.  Owing  to  the  recent 
great  popular  interest  in  endocrinology  (one  is  tempted  to  say  endocrim- 
inology)  the  thyroid  gland  has  suffered  with  the  rest,  though  perhaps 
less  than  its  sister  glands,  from  loose  speculation.  This,  however,  is 
only  because  w^e  possess  a  greater  number  of  unchallengeable  facts 
relative  to  the  thyroid. 

Anatomy,  a.  Ancestry  and  embryology.  Owing  to  the  survival  of 
one  class  of  vertebrates— the  Cyclostomes — it  has  been  possible  to 
establish  the  ancestry  of  the  thyroid  of  all  higher  vertebrates  as  a  direct 
metamorphosis  of  the  endostyle  organ.  The  endostyle  organ  is  an 
elaborate  ventral  mid-line  pharyngeal  gland  in  Tunicates,  Amphioxus 
and  Ammocoetes  (3).  In  Tunicates  and  Amphioxus  it  opens  into  the 
pharynx  through  a  groove  extending  the  full  length  of  the  organ  (5). 
In  Ammocoetes  the  opening  into  the  pharynx  is  reduced  to  a  large  duct 
(4).  During  the  metamorphosis  of  Ammocoetes  the  endostyle  organ 
undergoes  atrophy  with  complete  loss  of  three  of  its  specialized  types 
of  epithelium  including  the  duct,  and  the  ductless  thyroid  follicles  of 
the  adult  are  formed  from  one  persisting  type  of  endostyle  epithelium 
(6) .  These  cells  sometimes  retain  their  cilia  after  metamorphosis.  The 
ductless  thryoid  follicles  in  Cyclostomes  arise  solely  from  the  endostyle 
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organ.  Studies  in  the  embrj-olog}'  of  the  thyroid  of  fishes,  amphibians, 
reptiles  and  birds  have  shown  that  it  also  arises  solely  from  a  median 
single  ventral  tubular  downgrow^th  of  the  pharyngeal  endoderm  in  or 
slightly  anterior  to  the  first  aortic  arch  (8),  (9).  This  symmetry  and 
uniformity  of  development  was  beheved  to  be  departed  from  in  mam- 
mals owing  to  the  discovery  by  Stieda  (10)  of  the  so-called  lateral 
th\Toid  anlagen.  These  lateral  thyroid  anlagen  were  believed  to  give 
rise  to  the  lateral  thyroid  lobes  and  to  be  developed  from  the  fourth 
gill  pouches,  or  more  accurately  in  man  from  the  rudimentary  fifth. 
The  view  that  the  thyroid  in  mammals  arises  from  three  separate 
anlagen  persists  and  still  appears  in  many  textbooks.  Recent  studies 
of  the  fate  of  the  so-called  lateral  thyroid  anlagen,  post-branchial 
bodies,  or  better,  ultimo  branchial  bodies,  show  that  they  are  only 
atrophic  remnants  from  the  fifth  pair  of  gill  pouches  which,  duriDg  de- 
velopment, may  become  attached  to  or  even  embedded  in  the  lateral 
thyroid  lobes,  but  take  no  part  in  the  formation  of  thyroid  tissue  (11), 
(12).  This  solution  of  the  origin  of  the  mammalian  thyroid  makes  it 
possible  to  interpret  many  of  the  pathological  changes  and  develop- 
mental defects  of  the  thyroid,  and  makes  the  origin  and  development 
of  this  gland  uniform  throughout  all  vertebrates  (7),  (13). 

b.  Gross  and  microscopic.  Morphologically  the  thyroid  is  one  of  the 
simplest  of  body  tissues  and  resembles  the  lung  more  closely  than  any 
other  tissue.  Indeed,  there  are  many  embryological,  anatomical 
physiological  and  pathological  relations  between  the  thyroid  and  the 
lungs  the  study  of  which  has  added  much  to  our  present-day  conception 
of  interrelationships.  The  thyroid  tissue  is  one  of  the  most  labile 
tissues  in  the  body — capable  of  rapid  overgrowth  and  of  equally  rapid 
involution.  Its  wide  range  or  cycle  of  morphological  changes  makes 
it  po.ssible  to  detect  easily  morphological  changes  which  if  interpreted 
in  terms  of  function  are  but  little  removed  from  the  normal,  but  if  com- 
pared with  similar  types  of  morphological  changes  in  other  tissues  less 
well  endowed  with  the  capacity  for  growth  have  frequently  resulted  in 
drawing  wholly  unjustified  conclusions  regarding  the  alteration  of 
function. 

Tlic  thyroid  has  only  one  known  cycle  of  cell  changes  and  it  tends  to 
repeat  this  cycle  in  response  to  all  stimuli  involving  increased  functional 
activity. 

Tlio  normal  human  thyroid  weighs  between  20  and  25  grams  and 
does  not  exceed  0.35  gram  per  kilo  of  body  weight  (30),  (14).  Statis- 
tical data  indicate  that  the  thyroid  is  slightly  lai'gor  in  females  per  unit 
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of  body  weight.  The  gross  outline  of  the  thyroid  is  quite  variable, 
the  greatest  variation  occurring  in  the  isthmus  or  pyramidal  process 
(16).  In  the  strictly  normal  human  thyroid  the  isthmus  is  a  band  of 
tissue  from  1  to 2  cm.  in  width  and  from  I  to  1  cm.  in  thickness  connecting 
the  two  lateral  lobes  across  the  trachea  anteriorly  just  below  the  level 
of  the  cricoid  cartilage.  The  presence  of  a  pyramidal  process  and  thy- 
roglossal  stalk  must  be  considered  as  due  to  incomplete  absorption  of 
this  portion  of  the  thyroid  tract  which  normally  takes  place  between 
the  fifth  and  eighth  week  of  fetal  life.  In  severe  endemic  goiter  dis- 
tricts approximately  95  per  cent  of  human  thyroids  have  well-formed 
pyramidal  processes  and  thjTOglossal  stalks  frequently  continuous 
with  the  foramen  cecum  (15).  Similar  variations  are  seen  in  animals; 
thus,  in  congenital  goiter  of  dogs  and  sheep  the  thyroid  lobes  are  usually 
joined  by  an  isthmus  while  normally  in  these  animals  the  isthmus  under- 
goes absorption  before  birth. 

The  gland  is  invested  with  an  outer  fascia  which  strips  readily  and 
exposes  a  slightly  lobulated  smooth  surface  formed  by  the  inner  or  true 
capsule.  This  is  thin  and  translucent.  Thickened  portions  of  this 
capsule  (trabeculae)  extend  into  the  gland,  support  the  blood  and 
lymph  vessels  and  give  it  a  shghtly  lobulated  appearance  (34),  (35). 
The  color  of  the  normal  thyroid  varies  from  a  pale  translucent  amber 
red  to  a  bright  translucent  amber  red.  The  normal  gland  is  of  firm 
consistency  and  made  up  of  closely  packed  circular  or  oval  closed 
alveoli  filled  with  a  glairy  honey-colored  viscid  globulin — the  so-called 
colloid,  which  gives  to  the  thyroid  its  specific  characteristic,  chemical 
as  well  as  physical.  The  thyroid  unit  or  alveolus  is  similar  in  all  verte- 
brates (30),  (31),  (32).  In  man  these  alveoli  vary  from  0.1  to  0.5  mm. 
in  diameter  and  are  lined  with  a  single  layer  of  low  cuboidal  epithelium 
(columnar  epithelium  always  indicates  hypertrophy)  (17).  The  older 
observers  (Langendorf  (18),  Biondi  (19),  Hiirthle  (20)  and  others) 
recognized  two  types  of  gland  cell,  the  so-called  chief  and  colloid  cells. 
The  former  are  more  granular  while  the  latter  contain  in  addition 
vacuole-Uke  globules  filled  with  a  thin  fluid  which  some  have  considered 
as  a  thyroid  colloid,  similar  in  many  respects  to  that  contained  in  the 
alveolar  spaces  (33). 

In  recent  years  a  great  deal  of  attention  has  been  paid  to  the  finer 
specialized  cytoplastic  structures  especially  the  mitochondria  and  the 
reticular  material  or  Golgi  apparatus  (27),  (28),  (29).  Cowdry  (21), 
(22),  (24)  has  reviewed  the  literature  of  both  these  subjects.  Mito- 
chondria (Altmann's  granules)  are  present  in  all  thyroids.     They  are 
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verj"  rare  in  the  fetal  thjToid  and  increase  with  age  (23) .  Their  number 
also  varies  with  the  size  of  the  cell.  Their  lipoidal  nature  distinguishes 
them  from  secretion  granules  with  which  they  were  long  confused. 
Thej'  can  be  correlated  with  functional  activity  as  well  as  with  cell 
growth.  Bensley  noted  that  the  more  active  the  cell  the  more  numerous 
were  its  granules.  Some  authors,  notably  Goetsch  (25),  have  in  addi- 
tion attempted  to  estabUsh  a  relation  between  the  pharmacological 
activity  of  the  cell's  secretion  and  mitochondria,  particularly  in  ex- 
ophthalmic goiter.  This  view  has  not  received  much  support  for  the 
reason  that  the  very  actively  hyperplastic  columnar  cells  seen  in  the 
thyroids  of  myxedema  are  equally  rich  in  mitochondria.  They  seem 
closely  related  in  the  functional  activity  of  the  cell  but  unrelated  to  the 
pharmacological  value  of  the  cell's  secretion.  In  the  thyroid  cell, 
mitochondria  are  most  numerous  in  the  region  between  the  lumen  and 
the  nucleus  while  in  ordinary  gland  cells  like  the  salivary  or  pancreas 
these  granules  are  most  numerous  in  the  region  between  the  nucleus 
and  the  basement  membrane.  Bensley  pointed  out  that  this  was 
probably  due  to  reversed  polarity.  Recently  Cowdry  has  studied  the 
thyroid  cells  of  the  guinea  pig,  using  the  reticular  material  or  Golgi 
apparatus  as  an  indicator  of  polarity.  He  found  that  the  reticular 
material  of  the  guinea  pig  thjToid  cell  was  located  in  the  region  between 
the  nucleus  and  the  base  of  the  cell  in  about  one  cell  out  of  every  five 
hundred,  i.e.,  reversed,  and  accepts  Bensley 's  (26)  explanation  that  it 
indicates  the  ability  of  the  thyroid  to  secrete  either  toward  the  blood- 
stream or  toward  the  alveolar  lumen,  and  this  reversed  secretion 
(toward  the  lumen)  comes  into  play  when  the  thyroid  secretion  is  being 
produced  in  excess  of  the  body  needs.  Reversed  polaritj"^  has  been 
observed  only  in  the  thyroid  gland  and  as  the  ancestral  thyroid  (endo- 
style  organ)  was  an  external  secreting  organ  it  suggests  tliat  the  re- 
versed polarity  is  a  relatively  recently  acquired  characteristic  to  meet  a 
change  in  function. 

Lymphoid  tissue,  represented  by  scattered  small  foci  in  the  stroma, 
IB  normally  present  in  the  thyroid  (37).  Under  certain  conditions 
associated  with  general  overgrowth  or  persistence  of  lympoid  tissue, 
M  in  status  lymphaticus,  Addison's  disease  and  exophthalmic  goiter, 
this  lymphoid  tissue  may  inidorgo  an'extraordinary  hyperplasia  with 
the  development  of  well-formed  germinal  centers. 

Accessory  thyroid  tissue  other  than  that  foiuid  along  the  thyroglossal 
tract  occurs  with  fjreat  frequency.  In  dogs  and  cats  accessory  masses 
may  be  demonstrated  in  upwartls  of  90  p<»r  cent.     The  most  frequent 
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sites  are  in  the  thymus  gland  and  in  the  region  of  the  arch  of  the 
aorta. 

In  man  there  are  normally  small  groups  of  undeveloped  thjToid  cells 
lying  in  the  stroma  between  the  alveoli.  These  have  been  spoken  of 
as  cell  rests  and  their  relation  to  the  development  of  thjToid  adenomata 
was  first  pointed  out  by  Wolffler  (43).  It  is  believed  that  the  thyroid 
anlage  is  capable  of  and  actually  produces  during  embryonic  life  many 
more  cells  than  are  usually  required  for  functional  needs.  Under  ordinary 
conditions,  as  in  the  case  of  striped  muscle  fibers  during  fetal  life  these 
thyroid  cell  rests  undergo  gradual  absorption  beginning  in  intra- 
uterine Hfe  and  continuing  after  birth.  On  the  other  hand,  in  the 
presence  of  a  stimulus  for  increased  thyroid  activity,  these  undeveloped 
rests  respond  with  growth  and  become  the  adenomata  which  are  almost 
universally  present  in  and  an  integral  part  of  endemic  human  goiter. 
Thyroid  adenomata  are  exceedingly  rare  in  the  lower  animals. 

These  adenomata  are  highly  variable  in  size,  number  and  structure. 
One  recognizes  types  of  adenoma  composed  of  closely  packed  small 
undistended  alveoli — so-called  fetal  adenoma,  and  also  types  with  well 
differentiated  large  colloid-containing  alveoli  and  finally  all  gradations 
between  these.  Morphologically  different  types  may  be  present  in  the 
same  gland.  It  is  beUeved  these  variations  in  morphology  depend  upon 
a,  the  stage  of  differentiation  of  the  cell  rest  from  which  the  adenoma 
arose;  and  b,  the  degree  of  differentiation  occurring  during  its  growth 
and  involution.  Adenomata  are  capable  of  taking  up  iodin  from  the 
circulation  and  of  elaborating  the  iodin-containing  hormone,  thus  dif- 
fering sharply  from  thyroid  carcinoma.  The  more  differentiated  types 
as  regards  evidence  of  functional  activity  approach  that  of  normal 
thyroid  while  the  fetal  types  may  or  may  not  be  able  to  take  up  iodin 
even  after  the  prolonged  administration  of  iodides  (44),  (45). 

c.  Circulation.  The  thyroid  has  a  very  large  blood  supply  variously 
estimated  from  3.5  to  5.9  cc.  per  gram  per  minute  (66),  (67).  Obviously 
.  in  a  tissue  with  such  wide  variations  in  functional  activity  correspond- 
ingly wide  variations  in  the  blood  supply  must  be  present.  Control 
studies  should  be  made  with  standardized  thyroid  and  the  thyroid 
happens  to  be  the  only  tissue  which  at  present  can  be  standardized. 
This  is  accomplished  by  iodin  administration.  The  thyroid  arteries 
form  rich  anastomoses  on  the  surface  but  none  in  the  depths  of  the 
gland  (40).  Schmidt  (38)  and  Horn  (39)  have  described  endotheUal 
buds  or  "knospen"  in  the  arterioles  which  may  act  to  reduce  the  speed 
of  the  blood  flow  by  a  baffle-board  effect.  This  also  reduces  the  pulse- 
wave  effects  which  in  a  gland  with  such  a  short  and  wide  capillary 
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path  would  otherwise  easily  pass  through  to  the  veins,  especially  in  the 
marked  hyperplasias. '  The  thyroid  gland  can  be  perfused  readily  at  a 
pressure  of  15  to  20  mm.  Hg.  while  the  kidney  requires  from  70  to  80 
mm.  Hg.  pressure.  The  capillary  network  surrounding  each  alveolus 
is  comparable  to  the  capillary  network  surrounding  the  lung  alveolus. 
The  thyroid  is  also  richly  supphed  with  lymphatic  vessels  which  are 
collected  for  the  most  part  into  two  major  channels  which  leave  the 
gland  with  the  large  veins  (41).  The  thyroid  honnone  can  pass  directly 
into  the  blood  stream,  as  has  been  shown  by  Rogoff  and  Goldblatt  (42). 
There  is  no  evidence  except  the  older  morphological  evidence  that  it 
may  also  be  discharged  into  the  lymphatics. 

d.  Innervation.  The  anatomical  studies  of  Berkeley  (46),  Anderson 
(47),  Rhinehart  (48)  and  others  have  shown  that  the  thyroid  is  richly 
supplied  with  nerves,  all  of  which  are  believed  to  belong  to  the  sj'^mpa- 
thetic  system.  These  nerves  leave  the  spinal  cord  between  the  second 
and  seventh  thoracic  segments  and  pass  upward  to  the  middle  and  su- 
perior cervical  ganglia  from  whence  they  are  relayed  to  the  thyroid  a, 
directly  along  the  blood  vessels,  or  h,  indirectly  through  the  superior 
laryngeal  and  possibly  the  recurrent  laryngeal  nerve.  These  nerves 
are  distributed  both  to  the  perivascular  tissues  and  to  the  bases  of  the 
gland  cells — the  latter  have  been  recorded  by  anatomists  as  possible 
secretory  nerves  (56),  (56a).  The  gland  is  richly  supplied  with  vaso- 
motor nerves  both  constrictor  and  dilator  (54),  (55).  The  question  of 
secretory  nerves  has  attracted  much  attention  during  the  last  decade 
and  still  remains  undecided.  All  the  evidence  is  indirect.  Asher  and 
Flack  (49),  (50)  first  showed  that  in  rabbits  the  blood  pressure  response 
to  a  given  dose  of  adrenalin  was  greater  after  electrical  stimulation  of 
the  superior  laryngeal  nerve  with  intact  thyroid  than  before  such  stimu- 
lation. They  also  showed  that  after  thyroid  removal,  stimulation  of 
the  superior  laryngeal  nerve  did  not  modify  the  blood  pressure  re- 
sponse to  a  similar  dose  of  adrenalin.  Oswald  (51)  obtained  similar 
results  by  injecting  iodothyreoglobulin  instead  of  stimulating  the  thy-, 
roid  nerves.  Ii€vy  (52)  has  confirmed  Ashor  and  Flack's  work  on  cats. 
Epincphrin  produces  all  these  effects  and  also  markedly  raises  the  heat 
production  in  the  absence  of  the  thyroid  gland.  The  difference  is  only 
one  of  degree.  Von  Cyon  (53)  ha.s  criticized  Ashor  and  Flack's  work 
by  pointing  out  that  where  blood  preflsuro  is  used  as  an  indicator,  many 
faotors  particularly  the  degree  of  anesthesia  must  be  carefully  controlled, 
and  also  one  munt  dlHtingiiJHh  botwoon  goitorous  and  non-goitorous 
rabbits  for  this  kind  f»f  work.     T^uhe,  Rogers,  Fawcctt,  Beebc  and  others 
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(58),  (59)  have  shown  that  the  iodin  content  of  the  thyroid  may  be 
reduced  by  prolonged  faradic  stimulation  of  the  cervical  sympathetic. 
Cannon  and  Cattell  (57)  showed  that  there  was  an  alteration  in  the 
electrical  potential  of  the  gland  on  stimulating  the  cervical  sympathetic. 
No  such  effect  was  observed  when  the  vagus  ot  sciatic  nerves  were 
stimulated  or  when  the  systemic  blood  pressure  was  changed.  They 
interpreted  this  as  evidence  of  secretory  innervation. 

All  these  methods  are  highly  indirect  and  complicated  and  the  results 
are  not  susceptible  of  complete  analysis  at  present.  Other  more  direct 
proof  must  be  offered  before  one  can  accept  the  doctrine  of  secretory 
nerve  control  of  the  thyroid  secretion.  That  some  sort  of  nervous 
control  whether  secretory  or  regulatory  exists  is  probable  on  the  grounds 
of  analogy.  Whether  this  regulation  is  dependent  on  specific  nerves 
or  on  specific  chemical  changes  acting  through  a  more  general  regula- 
tory nervous  mechanism  is  still  to  be  demonstrated.  On  the  other  hand, 
there  is  very  direct  evidence  that  specific  nerve  endings  are  not  neces- 
sary for  thyroid  tissues  to  show  many  evidences  of  variation  in  secretory 
activity.  Thus,  by  autografting  the  thyroid  in  widely  separated  parts 
of  the  body  it  has  been  shown  that  such  transplanted  thyroid  wherever 
located  shows  chemical  and  morphological  changes  parallehng  those 
of  the  non-transplanted  tissue  (60).  If  the  transplant  is  undergoing 
hyperplasia,  the  non-transplanted  portion  is  also  undergoing  changes 
similar  in  nature  and  degree.  The  administration  of  iodin  inhibits 
hypertrophy  alike  in  the  transplanted  and  non-transplanted  thyroid. 
In  1914  Cannon  (61),  utihzing  Langle}^  and  Anderson's  (62)  method  of 
anastomosing  motor  and  sympathetic  nerves,  united  the  anterior  root 
of  the  phrenic  with  the  peripheral  end  of  the  cervical  sympathetic  in 
the  cat  and  reported  the  occurrence  of  symptoms  closely  resembhng 
exophthalmic  goiter — tachycardia,  emaciation,  increase  in  metabolism 
to  plus  100  per  cent.  He  ascribed  these  phenomena  to  the  bombard- 
ment of  the  thyroid  with  impulses  discharged  through  the  phrenic 
stump.  These  results  have  neither  been  confirmed  by  others  (63),  (64), 
(65)  nor  repeated  by  Cannon. 

Physiology,  a.  Effects  of  thyroid  removal.  Our  knowledge  of  the 
physiology  of  the  thyroid  may  be  said  to  have  begun  with  Gull's  report 
in  1874,  On  a  Cretinoid  State  Supervening  in  Adult  Life  in  Women  (74). 
Prior  to  its  pubUcation,  the  function  of  the  thyroid  was  either  specula- 
tive— that  it  aided  in  the  formation  of  erythrocytes,  that  it  acted  as 
the  vascular  shunt  for  the  cerebral  circulation,  that  it  neutralized  toxins, 
that  it  served  only  to  give  form  to  the  neck,  etc., — or  was  hopelessly 
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confused  with  the  function  of  the  parathyroids.  It  was  not  until 
Gley  in  1891  (75)  rediscovered  the  parathyroids  that  any  real  differentia- 
tion of  the  functions  of  the  thyroid  and  parathyroids  was  possible,  and 
it  was  some  twentj''  j^ears  after  this  that  their  functions  were  finally 
separated  to  the  satisfaction  of  all  workers. 

Independent  observations  reported  by  the  Brothers  Reverdin  in 
1882  (76),  and  more  clearly  by  T.  Kocher  in  1883  (77),  on  the  effects 
of  total  thyroidectomy  in  man  for  goiter  established  the  first  experi- 
mental confirmation  of  Gull's  clinical-pathological  observations.  Some 
of  these  operated  human  cases  developed  parathyroid  tetany  and  died, 
while  others  developed  during  the  next  thirty  to  sixty  days  a  cachexia 
which  these  surgeons  recognized  as  similar  to  that  described  by  Gull. 
The  Reverdins  designated  the  symptoms  complex  as  operative  myxe- 
dema (Ord  (78)  in  1878  having  given  the  name  myxedema  to  the  condi- 
tion described  by  Gull  because  his  chemical  examinations  indicated 
there  was  an  increased  mucin  formation  in  the  thickened  subcutaneous 
tissue)  while  Kocher  called  it  cachexia  strumapriva.  Horsley  (79),  (80) 
in  1884,  working  with  monkeys,  observed  a  few  instances  of  cachexia 
strumapriva;  most  of  the  monkeys  developed  tetany.  Other  observ- 
ers carried  out  similar  experiments  on  rabbits,  sheep,  goats,  dogs, 
cats  and  guinea  pigs.  Those  working  with  rabbits  claimed  that  thy- 
roidectomy was  usually  without  noteworthy  effect,  while  those  working 
with  carnivora  usually  obtained  parathyroid  tetany.  The  experimen- 
tal thyroidectomies  before  1891  in  general  added  confusion  rather  than 
facts  to  the  function  of  the  thyroid.  Since  1891  many  species  of  mam- 
mals have  Ijcen  subjected  to  thyroidectomy  using  standard  surgical 
technique  and  excluding  the  parathyroid  factor.  The  most  striking 
effect  of  thyroidectomy  is  a  reduction  in  the  total  metabolism.  In 
oats  and  rabbits  this  decrease  begins  usually  in  from  six  to  eight  days 
after  thyroidectomy  and  reaches  its  lowest  level  between  the  twentieth 
and  thirtieth  day  (81),  (82).  This  low  level  of  metabolism  may  be 
maintained  for  years  (rabbit)  or  as  accessories  develop  the  metabolism 
may  gradually  rise  to  normal.  In  these  animals  the  average  maximum 
reduction  in  metabolism  is  around  35  per  cent  to  40  per  cent,  which 
corresponds  closely  to  that  observed  in  the  severest  forms  of  human 
cretinism  and  myxedema  and  may  bo  designated  as  the  myxedoma  level. 

While  qualitatively  the  symptoms  following  thyroidectomy  in  both 
young  and  adult  animals  arc  similar,  the;  viHi))le  manifestations  are 
•trikingly  more  prominent  in  animals  thyroidoctoinized  during  the 
period  of  i!:ro\vfli      Afliilt  hcrbivora  like  the  rabi)it,  sheep  or  gout  may 
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show  very  little  change  clinically  beyond  a  dryness  and  thickening 
in  the  skin,  thinning  of  the  hair,  a  gain  in  weight  and  a  lowering  of  body 
temperature.  This  was  observed  by  the  earlier  workers.  Heat  pro- 
duction measurements  in  these  animals,  however,  show  the  usual  marked 
decrease.  In  the  young  there  are  in  addition  the  gross  manifestations 
of  stunted  physical,  mental  and  sexual  development. 

With  a  knowledge  of  the  frequency  and  functional  importance  of 
accessory  and  aberrant  thyroid  tissue,  the  writer  believes  that  in  the 
adult  animal  (sheep,  rabbit,  cat)  the  thyroid  is  not  essential  for  vege- 
tative life,  while  in  the  j^oung  it  is  only  indirectly  essential  in  that  it  is 
necessary  for  growth  and  development.  The  thyroid  is  an  organ 
acquired  late  in  the  development  of  animal  life,  present  only  in  the 
higher  Chordates,  and  all  we  know  of  its  function  indicates  that  it  pro- 
vides the  means  for  maintaining  a  higher  level  of  metabolism  and  for 
varying  its  rate. 

b.  Biochemistry.  The  next  most  important  advance  in  thyroid 
physiology  was  the  demonstration  in  1891  by  Murray  (82a),  of  the 
remarkable  therapeutic  effect  of  the  injection  of  a  glycerol  extract  of 
fresh  sheep's  thjToid  in  cases  of  Gull's  disease.  This  was  quickly 
followed  by  the  independent  announcements  in  1892  by  Howitz  (83), 
by  Mackenzie  (84)  and  by  Fox  (85),  that  tigroid  either  fresh  or  dried 
or  boiled  was  equally  efficacious  when  fed  by  mouth.  Emminghaus 
and  Reinhold  (80)  in  1894  showed  that  thyroid  feeding  also  caused  a 
marked  reduction  in  the  size  of  goiter.  These  discoveries  of  the  thera- 
peutic effects  of  thyroid  feeding  also  mark  the  beginning  of  thyroid 
biochemistry.  The  names  of  Hutchinson  (87),  (88),  (89)  in  Great 
Britain,  Frankel  (90)  in  Austria,  Baumann,  Roos  (91),  Oswald  (92) 
and  Drechsel  (93)  are  most  closely  associated  with  the  biochemical 
work  of  this  early  period  which  culminated  in  the  announcement  in 
1895  by  Baumann  (94),  (95),  (96)  of  Freiburg  that  iodin  in  a  rather 
firm  organic  combination  was  a  normal  constituent  of  the  mammalian 
thyroid.  He  obtained  a  substance  by  acid  hydrolysis  which  he  named 
"iodothyrine."  This  substance  was  later  put  on  the  market  by  a 
pharmaceutical  firm  under  the  name  of  "thyroidin."  The  substance 
obtained  by  Baumann  was  a  brown  amorphous  powder  insoluble  in 
water  and  acids,  slightly  soluble  in  alkalies,  gave  no  protein  reactions, 
contained  0.4  to  0.5  per  cent  P.  and  as  high  as  9.3  per  cent  iodin.  Later 
work  has  shown  that  this  method  of  hydrolysis  (10  per  cent  H2SO4) 
partially  destroys  the  specific  iodin  compound.  Baumann  and  his 
pupils,  Roos  and  Goldman  (97),  showed  that  iodin  was  present  in  the 
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mammalian  thyroid  in  very  variable  amounts  and  that  feeding  iodin 
increased  the  store.  Oswald  (98),  (99),  in  1899,  observed  that  the 
iodin  was  contained  in  the  colloid,  and  that  the  coUoid  of  the  thyroid 
was  mainly  globiihn,  and  introduced  the  terms  thyreoglobulin  and 
iodothyreoglobulin.  He  showed  that  the  iodin  content  varied  in  general 
with  the  amount  of  visible  colloid  in  the  glands,  but  that  hj^perplastic 
glands  could  be  rich  in  globuHn  and  iodin-free.  The  relation  of  iodin 
to  the  structure  of  the  thyroid  has  been  particularly  studied  by  Marine 
and  Williams  (100)  and  Marine  and  Lenhart  (101).  These  studies 
have  cleared  up  the  controversy  that  had  developed  concerning  the 
fundamental  importance  of  iodin  in  thyroid  physiology,  because  many 
workers  noting  the  absence  of  iodin  in  the  thyroid  in  certain  conditions 
still  claimed  it  was  only  an  accidental  constituent  probably  excreted 
into  the  thyroid  as  a  waste  product.  Much  of  the  earlier  work  claiming 
the  absence  of  iodin  in  the  thyroid  was,  of  course,  due  to  faulty  methods 
of  chemical  analysis.  The  final  results  in  all  of  this  work  showed  that 
the  iodin  store  in  the  thyroid  varies  in  general  with  the  amount  of 
stainable  colloid,  inversely  with  the  degree  of  active  hyperplasia  and  in 
the  extreme  degrees  of  active  hyperplasia  seen  in  cretinoid  states  in 
man  and  animals  the  iodin  store  may  be  entirely  exhausted.  In  the 
following  table  the  relation  of  iodin  to  histological  structure  as  found  by 
Marine  and  Lenhart  are  given: 
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3.00 

Ox 
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2.35 

*  Iodin  in  milligramB  per  gram  dried  gland. 

Earlier  workers  reported  discordant  results  regarding  the  presence 
of  iodin  in  the  fetal  thyroid  (102).  Fenger  (103),  (104),  using  standard 
methods  of  analyHiw,  showed  conclusively  in  a  large  scries  of  animals 
that  iodin  is  present  in  the  fotal  thyroid  of  cattle,  pigs,  sheep  and  man. 
In  cattle  it  is  present  as  early  as  the  third  month  of  intra-utcrino  life, 
that  is,  six  months  l>efore  birth.  The  iodin  content  gradually  rises 
with  the  increasing  age  of  the  fetus  and  hIiowh  the  same  variations  de- 
pendent upon  structure  as  seen  in  extra-uterine  life.     The  writer  has 
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made  similar  observations  on  a  large  series  of  fetal  thyroids  of  dogs. 
The  iodin  store  in  the  thjToid  shows  striking  seasonal  variations,  being 
highest  in  the  early  autumn  (October)  and  lowest  in  the  early  spring 
(April)  in  this  latitude  (Seidell)  (105),  (106).  The  thyroid  has  an 
extraordinary  affinity  for  iodin  (107),  (108).  This  was  first  observed 
by  Baumann  in  1895,  though  iodin  has  been  knowingly  used  in  the 
treatment  of  goiter  since  1820  (Coindet)  and  unknowingly  throughout 
many  parts  of  the  world,  civilized  and  uncivilized,  for  unknown  cen- 
turies. Iodin  given  to  pregnant  mothers  is  also  readily  stored  in  the 
fetal  thyroid.  The  amount  of  iodin  taken  up  by  a  given  thyroid  varies 
with"  the  degree  of  active  thyroid  hyperplasia.  The  maximum  store 
per  gram  being  relatively  constant,  for  most  mammals  thus  far  examined 
averaging  between  5  and  5.5  mgm.  per  gram  of  dried  thyroid  (109). 
The  minimum  amount  necessar}^  for  the  maintenance  of  normal  gland 
structure  is  likewise  relatively  constant,  averaging  about  1  mgm.  per 
gram  of  dried  substance  (110).  The  average  normal  iodin  content  for 
human  thyroid  is  around  2  mgm.  per  gram  of  dried  substance  and  the 
maximum  total  store  of  iodin  in  a  strictly  normal  human  thyroid  does 
not  exceed  25  mgm.  (Ill),  (112),  (113),  (114).  These  facts  are  of  the 
utmost  importance  in  the  practical  application  of  iodin  to  the  preven- 
tion of  goiter. 

Perfused  surviving  thj'roids  show  the  same  marked  ability  to  take 
out  and  store  iodin  from  the  circulating  fluid  as  is  seen  in  the  thyroid 
in  situ  (115),  (IIG),  (122).  It  has  been  shown  that  the  iodin  content  of 
the  thyroid  of  a  dog  may  be  increased  several  hundred  per  cent  within 
five  minutes  after  the  injection  of  50  mgm.  of  potassium  iodid  into  the 
femoral  vein.  As  much  as  18.5  per  cent  of  a  single  intake  of  38  mgm. 
(50  mgm.  KI)  given  to  a  dog  by  mouth  may  be  recovered  from  the 
thyroid  whose  ratio  to  body  weight  was  as  1:687.  The  thyroid,  stands 
alone  at  present  among  the  specific  affinities  of  tissues  for  inorganic 
substances. 

The  older  literature  contains  many  reports  of  the  presence  of  appre- 
ciable amounts  of  iodin  in  the  parathyroids,  thymus,  pituitary  and  other 
organs.  Excluding  its  presence  in  tissue  due  to  the  recent  administra- 
tion or  to  contact  with  iodin,  active  normal  tissues  other  than  the  thy- 
roid do  not  contain  amounts  greater  than  could  be  accounted  for  by 
its  discharge  from  the  thyroid.  A  great  deal  of  work  has  been  done  in 
the  attempt  both  to  isolate  and  to  synthesize  the  active  iodin  compound 
of  the  th3Toid,  especially  by  Oswald  (117),  Niirnberg  (118),  Koch  (119) 
and  manj^  others  (120),  (121).     Whole  proteins — casein,  glutein,  serum- 
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albumin  and  globulin  and  manj-  amino  acids  including  tyrosin,  trypto- 
phane, histidin  and  phenylanilin  have  been  iodized  but  none  of  these 
were  active.  Later  work,  using  the  tadpole  as  a  test  object,  showed 
tiiat  iodized  blood  serum,  especially  the  globulin  fraction,  has  a  slight 
thyroid-Uke  effect  (123).  In  1916  Kendall  (124)  reported  the  isolation 
of  the  specific  iodin  compound  in  crystalline  form  which  he  named 
"thjTOxin."  According  to  his  latest  report  (125)  this  substance  has 
the  empirical  formula  C11H10O3NI3  and  structurally  is  trihydro-triiodo- 
oxj'-beta  indoleproprionic  acid.  This  substance  in  the  purest 
I  form  yet  obtained  contains  65  per  cent  iodin,  has  a  melting  point  of 
I  around  250  and  crystallizes  in  sheaves  of  needles.  Kendall  has  sTiown 
I  that  this  substance  produces  the  same  pharmacological  effects  as  whole 
thyroid.  Kendall  also  showed  that  iodin  is  present  in  the  thyroid  in 
both  an  active  and  inactive  form  (126).  Taking  advantage  of  the 
extraordinary  affinity  of  the  thyroid  for  iodin  and  of  the  Gudernatsch 
tadpole  test,  Marine  and  Rogoff  (127)  carried  out  experiments  to  de- 
termine the  rapidity  of  the  production  of  active  thyioid  iodin.  Dif- 
ferences in  pharmacological  activity  of  the  thyroid  were  detectable  in 
eight  hours  after  intravenous  injection  of  50  mgm.  KI  and  the  differences 

(in  activity  were  quite  marked  after  thirty  hours.  These  observations 
indicate  that  while  the  storage  of  iodin  is  instantaneous  the  formation  of 
thyroxin  is  a  relatively  slow  process. 

In  1895  Magnus-Levj'  (128),  (129)  reported  in  Gull's  disease  that  the 
respiratory  exchange  was  markedly  decreased  below  normal  and  that 
in  Graves'  disease  it  was  notably  increased.  He  also  demonstrated 
that  feeding  thyroid  to  cases  of  Gull's  disease  markedly  increased  their 
respiratory  exchange  and  the  excretion  of  urinary  nitrogen.  Fried- 
reich Midler  had  recognized  the  increased  nitrogen  excretion  in  Graves' 
disease  in  1893  (130).  These  discoveries  by  Magnus-Levy  are  the 
most  important  contributions  to  the  pharmacology  of  thyroid  substance 
and  among  the  most  important  contributions  to  our  knowledge  of 
thyroid  physiology.  The  most  characteristic  pharmacological  action 
'of  thyroid  or  of  its  isolated  active  substance,  thyroxin,  is  an  increase 
.|,in  total  metulK)liHm  (131),  (132),  (133),  (134),  (135),  (136),  (137).  Its 
action  is  in  general  proportional  to  its  iodin  content  as  determined 
either  by  moasurcmcnts  of  heat  production,  nitrogen  excretion  or  th(> 
,  Gudernatsch  tadpole  test  (138)  (the  most  sensitive  test  yet  developed 
for  thyroid).  In  tadpoles  thyroid  substance  causes  a  rapid  loss  in 
weif^t  aMOciatod  with  metamorphosis  in  a  few  days.  This  is  propor- 
tional to  the  active  iodin  (139).     Some  have  considered  that  the  action 
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of  thyroid  on  tadpoles  was  a  specific  stimulus  to  differentiation.  All 
the  phenomena  observed  may  be  explained  on  the  well-known  action 
of  the  thyroid  in  accelerating  metabolism  and  the  apparent  specificity 
does  not  depend  on  a  new  specific  action  of  thyroid  but  on  its  applica- 
tion to  a  living  organism  at  a  specific  period  in  its  development  (140). 
The  acetonitrile  test  of  Hunt  and  Seidell  (141),  (142),  (143)  is  not 
specific  for  thyroid  activity,  since  while  thyroid  feeding  increases  the 
resistance  of  white  mice  to  acetonitrile  poisoning  it  decreases  it  in  rats 
and  guinea  pigs.  Further,  removal  of  the  thyroid  does  not  alter  the 
response  in  mice  and  the  blood  of  thyroidectomized  animals  also  pro- 
tects. In  man,  Plummer  (144)  has  roughly  estimated  that  for  the  j 
normal  individual  approximately  1  mgm.  of  thyroxin  daily  is  sufficient  jf 
for  normal  metabolic  activity.  ^ 

The  effect  of  thyroid  on  the  heart  and  circulation  has  been  particu- 
larly studied  by  von  Furth  (145),  (146),  von  Cyon  (53)  and  Oswald 
(147).  Aqueous  extracts  of  the  whole  gland  injected  intravenously 
caused  the  usual  lowering  of  blood  pressure,  while  purified  solution  of 
iodothyreoglobulin  causes  only  a  slight  lowering  of  blood  pressure  but 
the  heart  rate  is  notably  increased  after  a  latent  period.  Oswald 
believes  that  thyroid  increases  the  irritability  of  all  sympathetic  nerve 
endings.  The  thyroid  has  no  specific  effect  on  blood  coagulation. 
In  Graves'  disease  the  coagulation  time  is  usually  prolonged  but  at- 
tempts to  estabhsh  a  thyroid  relation  have  been  negative  (148),  (149), 
(150).  The  relation  of  the  thyroid  to  immunity  has  received  a  great 
deal  of  attention  and  the  literature  is  confusing  and  contradictory.  In 
general  it  has  been  found  that  hemolysin  and  agglutinin  formation  are 
higher  in  thyroidectomized  than  in  control  rabbits,  while  antitoxin 
(diphtheria)  formation  is  lower  in  thyroidectomized  animals  (dog, 
horse  and  rabbit)  (151),  (152),  (153),  (154),  (158),  (159),  (160).  Fjeld- 
stadt  (155)  in  eighteen  thyroidectomized  rabbits  found  no  increase  in 
agglutinin  formation.  Most  observers  have  reported  numerous  ex- 
ceptions to  the  above  general  statement  except  Ecker  and  Goldblatt 
(156)  who  found  the  hemolytic  titer  of  thyroidectomized  rabbits  always 
.  higher  than  the  controls.  It  is  stated  that  anaphylactic  shock  does 
not  occur  in  guinea  pigs  if  sensitized  after  thyroidectomy  but  does 
occur  if  sensitized  before  thyroidectomy  (157).  At  present  the  results 
obtained  do  not  warrant  any  direct  association  of  the  thyroid  with 
antibody  formation.  The  reaction  to  infections  as  shown  by  a  reduc- 
tion in  iodin  store  and  a  tendency  to  hypertrophy  and  hyperplasia 
clearly  indicate  the  thyroid  is  an  important  indirect  factor  in  resistance 
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to  infections.     The  increased  heat  production  in  infections  is  to  some 
extent  dependent  upon  the  thyroid. 

c.  Regeneration   and   trans-plantation.     The    mammalian    and    avian 
thyroid  regenerates  rapidly  after  partial  removal.     Two  major  factors — 
the  amount  removed  and  the  administration  or  the  withholding  of  iodin, 
and  probably  many  minor   factors — age,  diet,  species,   determine  the 
degree  of  regeneration  (70).     In  the  dog,  if  one  removes  three-fourths 
of  the  gland,  ordinarily  regeneration  occurs  in  the  remaining  fourth, 
but  if  small  amounts  of  iodin  are  given,  such  regeneration  does  not  take 
place.     If  as  much  as  nine-tenths  of  the  gland  is  removed,  iodin  in  any 
amount  does  not  protect  against  regeneration.     Halsted  (68)  made  an 
extensive  study  of  thyroid  regeneration  in  1889.     Ribbert  (69)  showed 
that  regeneration  may  begin  within  a  few  days  after  partial  removal 
and  occurs  first  in  the  sub-capsular  zone.    His  suggestion  that  this 
centrifugal  growth  is  dependent  upon  a  more  active  blood  supply  is 
probably   correct.     The   irregular   insular   hyperthrophj-   and   hyper- 
plasia often  seen  in  human  goiter  may  be  thus  explained.     Anatomically 
and  chemically  the  thyroid  changes  in  regeneration  are  identical  with  I 
those  occurring  in  the  spontaneous  hyperplasias  of  simple  goiter  and  ; 
are  controllable  by  the  same  methods,  i.e.,  cellular  hypertrophy  and. 
hyperplasia  do  not  occur  until  after  the  iodin  store  falls  below  a  given/ 
level  (0.1  mgm.  per  gm.  dried)  (70).  ^ 

Transplantation  of  the  thyroid  has  been  extensively  studied  by 
Cristiani  (71),  L.  Loeb  (72)  and  his  co-workers,  and  by  Manley  and 
Marine  (73).  Thyroid  tissue  autografts  readily  in  any  part  of  the  body 
and  shows  all  the  chemical  and  morphological  reactions  seen  in  the 
non-transplanted  tissue.  Growth  of  the  transplant  varies  inversely 
with  the  degree  of  thyroid  insufficiency  created  in  the  host.  The 
administration  of  iodin  or  desiccated  thyroid  inhibits  the  growth  of 
thyroid  transplants.  In  much  of  the  older  work  on  transplantation, 
attempts  to  transplant  large  pieces,  even  whole  glands,  were  failures. 
As  only  the  peripheral  layer  of  not  more  than  four  to  six  cells  in  thickness 
Burvive,  the  ideal  transplant  is  a  slice  of  tissue  about  50  microns  in 
thickness  laid  on  some  flat  surface,  as  the  subcutaneous  tissue  or  the 
sheathfl  of  muscles.  The  frozen  thyroid  tissue  of  rabbits  also  trans- 
plants readily  (Manley  and  Marine).  Many  such  experiments  were 
made  where  the  tissue  was  frozen  with  carbon  dioxide  from  one  to  five 
minutes.  The  temperatures  reached  were  not  measured.  Homeo- 
grafts  are  rarely  permanent.  Barring  technical  errors,  they  all  "take" 
but  begin  to  undergo  absorption  as  early  as  the  seventh  or  eighth  day. 
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Some  animals  destroy  initial  homeografts  much  more  slowly  than 
this,  indicating  that  there  are  different  degrees  of  foreignness  of  the 
transplanted  proteins  in  animals  as  well  as  in  man.  In  man,  by  trans- 
planting within  the  same  blood  group  it  is  probable  that  the  average 
life  of  homeografts  might  be  somewhat  prolonged.  But  there  are  such  I 
great  differences  within  a  given  group  which  cannot  be  detected  by  the  i 
usual  hemolysin  or  agglutinin  tests,  that  permanent  value  from  homeo- 
transplantation  is  at  present  hopeless  and  must  continue  to  be  until 
some  means  is  discovered  to  overcome  the  foreign  protein  reaction  to 
the  grafted  tissue. 

Heterotransplantation  of  thyroid  in  mammals  never  succeeds. 

d.  Diet.  Diet  notably  affects  both  the  structure  and  chemistry  (166), 
(167),  (168),  (169).  Baumann  (96)  in  1896  and  many  others  (161) 
noted  in  dogs  that  fresh  meats  caused  hypertrophy  of  the  thyroid,  while 
sea  fish  (cod)  increased  the  iodin  store.  Watson  (162)  also  found  that 
a  meat  diet  caused  hypertrophy  and  hyperplasia  of  the  thyroid  cells 
in  rats.  Marine  and  Lenhart  (163)  (164),  (165)  showed  that  liver, 
particularly  pigs'  liver,  was  the  most  potent  of  a  great  variety  of  meats 
in  causing  thyroid  hyperplasia  in  dogs  and  cats  and  also  this  food  was  an 
important  factor  in  the  causation  of  goiter  in  brook  trout.  Recent 
work  by  McCarrison  (170),  confirmed  by  Mellanby  (171)  showed  that 
fats  were  even  more  potent  in  producing  thyroid  hyperplasia.  Mc- 
Carrison's  suggestion  that  his  effect  is  in  part  dependent  on  an  increased 
bacterial  putrefaction  in  the  intestine  seems  unlikely.  As  thyroid 
hyperplasia  is  secondary  to  the  depletion  of  the  iodin  store,  these  facts 
indicate  that  diets  rich  in  proteins  and  fat  increase  the  rate  of  discharge 
of  iodin.  It  seems  probable  that  thyroid  activitj^  is  more  necessary  for 
the  oxidation  of  fats  and  of  proteins  than  of  carbohydrates.  Carbo- 
hydrate diets  do  not  cause  thyroid  hypertrophy,  as  has  been  shown  by 
McCarrison.  Inanition  brings  about  involution  of  the  thyroid,  decrease 
in  the  size  of  the  epithelial  cells  and  increase  in  colloid  (172),  evidence 
of  decreased  functional  activity. 

Interrelations.  We  are  only  at  the  beginning  of  definite  knowledge 
concerning  its  functional  interrelations  with  other  tissues.  During 
the  last  decade  this  subject  has  become  involved  in  a  stupendous  mass 
of  ill-advised  speculation,  exploitation  and  fiction.  Interrelations  may 
be  either  inhibitory  (antagonistic)  or  augmentory  in  nature.  Sufficient 
facts  are  available  to  indicate  that  these  correlations  determine  the 
thyroid's  most  important  effects  on  nutrition.  These  effects  are 
brought  about  by  acceleration  and  inhibition  of  its  functional  activity 
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which  in  turn  are  caused  by  chemical  factors,  positive  or  negative, 
acting  through  the  blood  stream  either  directly  on  the  gland  cells  or 
indirectly  through  nerve  impulses.  Further,  we  must  recognize  that 
inhibition  and  acceleration  of  tissue  activity  may  be  brought  about  by 
the  presence  of  a  specific  hormone  or  by  its  absence  and  that  apparent 
acceleration  may  be  an  actual  loss  of  inhibition  and  vice  versa. 

Thjroid-Parasex  glands.  (Suprarenal  cortex,  interstitial  and  luteal 
cells.)  The  relation  of  the  thyroid  to  the  sex  glands  was  known  to  the 
ancients  in  its  crudest  external  manifestations — the  thyroid  enlargement 
with  menstruation,  puberty,  pregnancy  and  menopause  (173).  This 
relationship  has  passed  down  to  our  time  with  no  proved  additions  to 
our  knowledge  concerning  it  (174).  Recently  it  has  been  demonstrated 
that  when  the  suprarenal  cortex  in  rabbits  is  sufficiently  injured  as  by 
freezing  or  by  partial  removal,  a  marked  chronic  increase  in  heat  pro- 
duction usually  occurs  (80  per  cent  in  a  series  by  Marine  and  Baumann) 
(175).  This  increase  usually  begins  within  three  to  six  days  after  the 
suprarenal  injury  and  maj^  last  from  two  weeks  to  several  months. 
Heat  production  may  be  increased  to  60  per  cent  or  more  above  the 
normal.  On  the  other  hand  if  the  thyroid  gland  is  removed  and  the 
metabolism  allowed  to  fall  to  the  myxedema  level  prior  to  the  injury  to 
the  suprarenal  cortex,  this  increase  in  heat  production  does  not  occur 
(82),  Scott  (176)  has  confirmed  these  findings,  using  cats.  Golya- 
kowski  (177)  in  1899  in  a  brief  preliminary  report  observed  increased 
COj  output  in  dogs  following  ligation  of  the  suprarenal  vessels.  There 
is  some  evidence  that  the  increased  heat  production  is  associated  with 
a  loss  of  iodin  from  the  thyroid  and  recently  Black,  Hupper  and  Rogers 
(178)  have  published  evidence  that  feeding  "suprarenal  gland  residue" 
to  dogs  increased  the  iodin  store  of  the  thyroid.  This  reaction  with 
increased  heat  production  appears  then  to  be  a  suprarenal  cortex 
thyroid  interrelationship.  Our  present  interpretation  is  that  the 
suprarenal  cortex  exercises  a  regulatory  or  inhibitory  control  over  thy- 
roid activity  and  when  this  is  withdrawn  the  thyroid  automatically 
responds  with  increased  function.  It  should  be  pointed  out  that 
there  is  evidence  that  tlie  suprarenal  cortex  exercises  an  inhibitory  con- 
trol over  other  ti.ssue  functions  as  well — the  thyroid  suprarenal  interrela- 
tion, therefore,  is  not  an  isolated  one.  The  practical  application  of  these 
observations  may  Ik?  of  great  importance;  for  example  iho  enlargement 
of  the  thyroid  at  puberty,  during  menstruation,  pregnancy  and  ineno- 
pause  may  be  thus  partly  explained.  The  effect  of  bacterial  toxins  in 
causing  thyroid  hyperpliwia  may  be  in  part  determined  by  a  primary 


FUNCTIONS  OF  THE  THYROID  GLAND  537 

I 

injury  to  the  suprarenal  cortex./  Other  well-known  facts  involving 
obvious  interrelations  as,  for  example,  the  hypersusceptibility  of  certain 
individuals  to  adrenaUn  or  the  hypersusceptibility  of  certain  individuals 
to  desiccated  thyroid  and  thyroxin,  probably  have  as  their  basis  this 
fundamental  thyroid  suprarenal  cortex  interrelationship.  Exophthal- 
mic goiter  is  in  some  way  intimately  involved  in  this  interrelation  and 
the  popular  conception  that  this  disease  is  a  primary  thyroid  disease 
must  give  way  to  a  broader  conception  in  which  cortical  exhaustion 
indirectly,  and  epinephrin  stimulation  directly,  are  in  my  opinion 
important  primary  factors  in  bringing  about  increased  thyroid  activity. 
Enlargement  of  the  suprarenal  cortex  with  an  inrease  in  the  epinephrin 
store  has  been  observed  following  prolonged  feeding  with  desiccated 
thyroid  (179),  (180),  (181),  (182),  (183).  During  starvation,  enlarge- 
ment of  the  suprarenal  cortex  has  been  observed .  Both  of  these  phenom- 
ena may  be  interpreted  as  an  attempt  to  suppress  thyroid  activity. 

Finally,  the  normal  involution  of  the  suprarenal  cortex  in  infants 
should  be  mentioned.  This  remarkable  destruction  of  the  reticular  and 
fascicular  zones  of  the  cortex  has  been  observed  only  in  infants  and  begins 
during  the  second  or  third  week  of  extra-uterine  life  (183a).  The  proc- 
ess is  initiated  as  a  hemorrhagic  infiltration  of  the  two  inner  zones  and 
goes  on  to  necrosis,  destruction  and  absorption  of  these  layers  with 
collapse  and  folding  of  the  glomerular  zone  on  to  the  medulla.  The 
duration  of  the  stages  of  absorption  and  healing  is  indefinite.  Some 
authors  estimate  it  at  two  to  three  weeks  and  other  at  two  to  three 
months.  The  end  result,  however,  of  this  destruction  is  a  marked 
decrease  in  the  volume  of  cortex  so  that  a  child  one  year  old  has  a 
smaller  total  volume  of  cortex  than  at  birth. 

The  physiological  significance  of  this  rapidly  progressive  partial 
destruction  of  the  cortex  is  unknown.  It  is  not  accidential  or  traumatic. 
Its  occurrence  in  accessory  suprarenals  as  well  suggests  that  it  is  a 
systemic  purposeful  reaction  to  meet  the  altered  conditions  incident  to 
extra-uterine  life.  In  the  hght  of  the  relation  of  experimental  injury 
of  the  suprarenal  cortex  in  rabbits,  dogs  and  cats  to  increased  heat 
production,  it  is  suggested  that  one  of  the  effects  of  the  cortical  de- 
struction in  infants  may  be  increased  heat  production  through  thyroid 
activation.  All  that  can  be  said  at  present  is  that  the  cortical  injury 
^\  and  increased  heat  production  in  infants  begin  at  approximately  the 
^"^  \  same  time  and  parallel  each  other. 

Thyroid-Chromophil  tissue.  Epinephrin  injected  intravenously  causes 
a  marked  constriction  of  the  thyroid  vesssels.     An  interrelationship  of 
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function  was  first  postulated  by  Eppinger,  Falta  and  Rudinger  (184). 
They  assumed  that  the  chromophil  system  directly  stimulated  the 
thyroid.  This  conception  received  experimental  support  from  the  work 
of  Asher  and  his  pupils  (186),  who  in  1910  showed  that  the  blood  pressure 
response  in  rabbits  to  a  given  dose  of  adrenalin  was  greater  after  stimu- 
lation of  the  thyroid  nerves  with  intact  thyroid  than  before  such  stimu- 
lation. This  has  been  confirmed  from  several  sources  and  especially 
by  Cannon  and  his  co-workers.  The  Goetsch  epinephrin  test  in  exoph- 
thalmic goiter  is  a  clinical  application  of  this  reaction,  Oswald 
has  shown  that  a  similar  increase  in  the  reaction  to  epinephrin  may  be 
obtained  by  injecting  iodothjTeoglobulin  instead  of  stimulation  of  the 
thyroid  nerves.  The  nature  of  this  reaction  is  still  in  doubt  (187),  (188). 
Asher  and  Flack  beheve  that  the  thyroid  hormone  increases  the  irrita- 
bility of  or  sensitizes  the  tissues  innervated  by  the  sympathetic  nervous 
system  in  some  way  so  that  it  is  more  susceptible  to  stimulation  by 
epinephrin. 

Thyroid-Gonad  interrelationship.  Very  little  is  known  (185).  That 
there  is  an  important  direct  relation  between  some  constituent  of  the 
gonads,  especially  in  the  female,  and  the  thyroid  is  certain.  The  ex- 
ceedingly complex  nature  of  the  sex  gland  has  thus  far  been  a  perfect 
barrier  to  trustworthy  experimental  investigation.  Total  removal 
of  the  gonads  usually  leads  to  a  slight  depression  of  the  thyroid 
function  (189). 

Thyroid-Hypophysis.  Rogowitsch  (190)  and  others  (191)  (192), 
(195),  (196)  have  reported  marked  enlargements  of  the  anterior  lobe 
and  especially  the  pars  intermedia  following  thyroidectomy — as  much 
as  400  per  cent.  They  interpreted  this  enlargement  as  indicating  that 
the  pituitary  could  function  vicariouslj'  for  the  thyroid.  Subsequent 
work  by  Simpson  and  Hunter  (193)  and  by  the  author  has  not  confirmed 
this.  In  rabbits  there  is  a  slight  hypertrophy  of  the  anterior  lobe, 
but  this  is  rarely  more  than  15  to  20  per  cent  after  five  or  six  months. 
Many  investigators  have  found  traces  of  iodin  in  both  the  humjvn  and 
sheep  hypophysis — others  have  failed  to  find  it.  Simpson  and  Hunter 
(194)  showed  conclusively  that  the  sheep  pituitary  contained  no  iodin 
even  in  animals  recently  fed  with  this  clcinont.  Livingston  (197)  on 
the  other  hand  has  published  a  few  observations  indicating  that  desic- 
cated thyroid  protects  male  thyroidoctomizod  rabbits  against  pituitary 
bsrpertrophy.  No  pituitary  hyp<Ttr()j)hy  whh  observed  in  thyroidec- 
tomiied  female  rabbits  even  without  thyroid  feeding.  Hewitt  (198), 
however,  reported  that  thyroid  feeding  in  white  rats  caused  pituitary 
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enlargement.  The  idea  that  the  thjToid  and  pituitary  were  function- 
ally related  seems  to  have  been  suggested  by  Virchow  and  was  based 
on  the  morphological  resemblance  of  the  colloid  filled  follicles  of  the 
para  intermedia  to  the  thyroid  folhcle.  Acromegaly  is  usually  asso- 
ciated with  a  sHght  increase  in  the  size  of  the  thyroid  and  with  an  in- 
crease in  heat  production  rarely  over  20  per  cent.  None  of  the  facts 
thus  far  established  suggest  any  direct  functional  relation  between 
the  hypophysis  and  the  thyroid. 

Thyroid-Thymus.  There  is  no  evidence  of  anj"-  important  relation 
between  these  two  organs  despite  a  relatively  large  literature  dealing 
with  their  functional  interdependences  (199).  There  is  no  doubt  that 
the  thymus  is  usually  enlarged  or  persistent  in  many  conditions  in 
which  the  thyroid  is  involved,  for  example,  simple  goiter,  myxedema, 
Graves'  disease.  Asher  and  Ruchti  (200)  found  no  change  in  the  re- 
spiratory exchange  after  thymectomy  in  rabbits  whether  performed 
before  or  after  thyroidectomy.  Gudernatsch  thought  thymus  feeding 
inhibited  to  some  extent  the  action  of  the  thjToid  feeding  on  tadpoles. 
Baumann  (unpublished)  has  found  that  foods  enriched  by  the  addition 
of  protein-free  nucleic  acids  of  any  origin  stimulate  growth  in  tadpoles. 
That  there  is  an  important  indirect  relation  between  the  thyroid  and 
thymus  through  the  sex  glands  and  suprarenals  is  certain  since  each  of 
these  glands  is  closely  associated  functionally  with  the  sex  and  parasex 
tissues,  and  both  the  thyroid  and  the  thymus  are  usually  affected  in 
conditions  involving  the  suprarenals  or  sex  glands,  as  for  example, 
Addison's  disease,  status  lymphaticus,  castration.  Graves'  disease,  etc. 

Thyroid-Spleen.  Asher  and  his  pupils  (201)  have  recently  revived 
the  question  of  the  thyroid-spleen  interrelationship  suggested  by 
Tauber  (202)  in  1884.  Asher  found  that  splenectomized  rats  with 
intact  thyroids  were  less  resistant  to  reduced  oxygen  pressures  than 
normal  rats,  or  rats  with  combined  thyroidectomy  and  splenectomy. 
Splenectomy  has  been  found  to  slightly  increase  the  respiratory  exchange 
in  rabbits  but  this  also  occurs  when  the  thyroid  is  removed. 

Thyroid-Pancreas  and  Liver.  Falta  thought  the  thyroid  and  pancreas 
were  antagonistic  (203).  He  stated  that  an  epinephrin  injection  which 
in  normal  dogs  caused  a  marked  glycosuria  does  not  produce  glycosuria 
in  thyroidectomized  dogs.  Similar  observations  were  made  by  Grey 
and  de  Sautelle  (204)  on  dogs  and  by  Pick  and  Pineles  on  goats.  Under- 
bill (205),  however,  denies  that  thyroidectomized  dogs  in  which  great 
care  has  been  exercised  to  preserve  the  two  external  parathyroids  are 
less  susceptible  to  adrenalin  glycosuria.     ThjToid  feeding  was  found 


540  DAVID  MARINE 

to  produce  a  marked  decrease  in  the  diastatic  activity  of  the  pancrease 
of  white  rats  and  this  was  often  associated  with  enlargement  of  the 
pancreas  (206).  CHnicians  have  reported  the  frequent  association  of 
some  of  the  symptoms  of  Graves'  disease  with  acute  pancreatitis  (207). 
It  has  also  been  suggested  that  the  lowered  sugar  tolerance  and  gly- 
cosuria of  Graves'  disease  might  involve  a  thyroid-pancreas  interrela- 
tion. The  increased  alimentarj^  tolerance  for  glucose  in  myxedema 
or  after  thyroidectomy  is  of  doubtful  significance.  It  may  be  due  to 
decreased  absorption  from  the  intestine  rather  than  to  a  direct  thjToidec- 
tomy  influence.  What  evidence  there  is  seems  to  indicate  that  any 
thyroid-pancreas  interrelationship  is  an  indirect  one  and  dependent  on 
epinephrin  sensitization.  Whipple  and  Christman  (208)  have  shown 
that  thyroidectomy  does  not  influence  the  excretion  of  phenoltetra- 
chlorphthalein  by  the  liver. 

Thyroid-Parathyroids.  No  interrelation  of  function  is  known.  The 
earlier  affirmative  statements  were  based  on  faulty  methods  and  errors 
in  interpretation. 
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INTRACELLULAR  DIGESTION 
The  Enzymes  and  Anti-Enzymes  Concerned 

EUGENE  L.  OPIE 
Department  of  Patfiology,  Washington  University  School  of  Medicine 

All  of  the  protozoa  and  many  somewhat  higher  animals  obtain  their 
food  by  intracellular  digestion.  Among  the  lower  metazoa  including 
sponges,  coelenterates  and  some  of  the  lowest  forms  of  worms,  such 
as  turbellaria,  cells  Uning  the  digestive  cavity  act  as  phagocytes,  ingest 
solid  particles  of  food  and  dissolve  them  usually  within  vacuoles  in 
their  cytoplasm.  Among  the  coelenterates  and  turbellaria  food  under- 
goes preparatory  changes  within  the  enteric  cavity  but  the  part  of 
enzymes  poured  out  into  the  cavity  is  doubtful.  Extracellular  diges- 
tion by  enzymes  secreted  into  a  digestive  tract  is  first  definitely 
established  in  the  ascending  animal  scale  in  the  higher  worms,  such 
as  nematodes,  earth  worms,  etc.,  and  becomes  the  sole  method  for 
the  digestion  of  food.^ 

A  proteolyte  enzyme  has  been  extracted  from  the  bodies  of  amoebae 
and  from  the  phagocytic  cells  of  coelenterates,  such  as  the  sea  anemones; 
it  digests  protein  in  a  weakly  acid  and  in  a  weakly  alkahne  medium. 
When  the  amoeba  or  the  digesting  phagocytes  of  higher  forms  ingest 
particles  of  blue  litmus  they  are  quickly  turned  to  red  but  after  a  time 
the  vacuole  surrounding  the  granule  loses  its  free  acid  and  the  indicator 
shows  a  neutral  or  alkahne  reaction  and  many  other  indicators  exhibit 
similar  reactions. 

In  the  lowest  metazoa,  namely,  in  the  sponges,  and  in  all  higher  forms 
which  he  examined,  Metsehnikoff  (07)  found  mcsoblastic  phagocytes 
capable  of  approaching  and  ingesting  foreign  material  which  has  found 
its  way  into  the  tissues  of  the  organism.  Among  mammals  th(»  cells 
which  exhibit  these  propt'rties  are  notably  the  polynuclear  leucocytes 
of  the  lK)ne  marrow  and  bIoo<I  and  certain  mononuclear  wandering 
cells  which  arc  widely  scattered  in  the  tissues.    These  cells  approach 

I  The  nteraturo  of  phiiKocytic  diKcntion  of  food  in  lower  nniiimtn  has  been 
reviewiMl  hy  O.  von  KOrth,  VrrgUichindr  chrminche  Physiologic  dvr  niedcron  Ticrc, 
Jtii*,1003and  by  U. Jordan,  VcrgUichrndi  Phyaiolugie  wirbelloacr  Tiere,  Jona,  1913. 
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or  fix  foreign  particulate  matter  which  has  entered  the  body,  engulf 
it  and  so  far  as  they  are  capable  bring  about  the  solution  of  the  ingested 
material.  Not  only  is  foreign  material  subject  to  the  activities  of  these 
cells  but  body  substance,  including  cells  and  intercellular  substance, 
which  has  been  injured  or  killed,  may  undergo  some  change  as  the 
result  of  which  it  becomes  the  prey  of  the  phagocytic  cells  and  is  elimi- 
nated by  intracellular  digestion.  ' 

When  phagocytic  cells  of  the  higher  animals  are  allowed  to  ingest 
indicators,  such  as  litmus,  tournesol-bluc  or  alazarin  sulphate,  no 
change  occurs.  With  neutral-red,  bacteria  and  the  nuclei  of  cellular 
elements  ingested  both  by  polynuclear  leucocytes  and  by  macrophages 
assume  a  brownish  red  color  which  Metschnikoff  has  attributed  to  a 
feebly  acid  reaction. 

Enzyme  of  the  polynuclear  leucocytes;  leucoprotease.  The 
presence  of  peptone  in  pus  was  observed  by  Eichwald  (16)  in  1864, 
and  later  this  observation  was  confirmed  by  Maixner  (66)  and  bj--  Hof- 
meister  (31).  In  association  with  diseases  characterized  by  pus  for- 
mation, namely,  empyema,  purulent  peritonitis,  cerebro-spinal  men- 
ingitis, etc.,  Maixner  found  peptone  in  the  urine.  The  occurrence  of 
proteolytic  enzymes  in  the  cells  of  purulent  exudates  was  first  demon- 
strated by  Friedrich  Miiller  (76),  who  showed  that  a  glycerine  extract 
of  purulent  sputum  digests  fibrin  or  coagulated  protein  in  the  presence 
of  a  weakly  alkaline  reaction.  Similar  enzyme  was  demonstrable  in 
fresh  pus  from  an  acute  abscess  but  was  absent  in  the  thin  fluid  from 
a  "cold  abscess."  Leber  (60)  and  later  Achalme  (1)  showed  that  pus 
liquefied  gelatin,  and  dissolved  fibrin,  egg  albumin  coagulated  by  heat, 
and  casein. 

Methods.  Many  methods  used  for  the  study  of  pepsin  and  trypsin  are 
not  appUcable  to  the  weaker  enzAines  present  in  phagocytic  cells. 
Fresh  fibrin  frequently  employed  is  not  well  adapted  to  the  study  be- 
cause it  contains  enzymes  which  bring  about  autolysis.  Some  very 
simple  methods  have  been  introduced  with  the  hope  that  they  would 
be  useful  to  physicians  and  numerous  clinical  studies  have  been  made 
with  their  aid.  The  methods  which  have  been  most  used  wiU  be  cited 
briefly. 

Liquefaction  of  gelatin:  This  method  introduced  by  Fermi  (21)  has 
been  used  by  Eppenstein  (18)  for  the  demonstration  of  enzj'mes  in 
leucemic  blood.  Gelatin  in  the  strength  of  6  to  8  per  cent  is  used  as  a 
substrate  for  the  demonstration  of  enzymes.  The  substance  to  be 
examined  is  mixed  in  quantity  of  0.2  to  0.5  cc.  with  1  to  2  cc.  of  gelatin 
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containing  1  per  cent  soda  and  kept  in  an  incubator  at  37°  to  40°C. 
during  12  or  more  hours.  Should  digestion  occur  the  gelatin  remains 
liquid  after  cooUng  with  ice  during  several  hours. 

Digestion  of  casein:  Gross  (25)  and  Fuld  (23)  have  introduced  a 
method  for  the  study  of  tryptic  digestion  which  has  been  much  emploj^ed 
in  the  study  of  the  anti-enz^Tnotic  activity  of  the  blood  serum.  Casein 
in  1  per  cent  solution  in'  tV  N  sodium  hydroxide  is  neutralized  with  jV  N 
hydrochloric  acid  and  diluted  with  five  times  its  volume  of  physiologi- 
cal salt  solution.  After  the  enzj'me  has  acted  upon  this  substrate  the 
mixture  is  acidified  by  5  per  cent  acetic  acid  in  weak  alcohol  and  if  diges- 
tion is  complete  the  solution  remains  clear,  since  the  digestion  products 
of  casein  are  not  precipitated  in  acid  solution,  but  if  undigested  casein 
remains  it  is  precipitated.  Numerous  studies  of  the  anti-enzjinotic 
activity  of  the  blood  serum  with  carcinoma  and  other  disease  have  been 
made  by  this  method.  The  amoimt  of  serum  necessary  to  inhibit  a 
given  quantity  of  enzyme  is  determined. 

Serum  plate  method:  Eduard  Miiller  and  Jochmann  (71)  have 
used,  for  demonstration  of  proteolytic  enzymes,  Loeffler's  medium 
spread  out  as  soUd  plates  in  Petri  dishes.  The  medium  consists  of 
two  parts  of  beef  sei-um  and  one  part  of  bouillon  containing  approxi- 
mately 1  per  cent  of  glucose  and  coagulated  by  exposure  to  a  tempera- 
ture from  85  to  95°C.  during  several  hours.  A  drop  of  the  material 
under  investigation  is  placed  upon  the  surface  of  the  plate  which  is 
then  incubated  at  from  55°  to  60°C.  during  24  hours.  At  this  tempera- 
ture a  shallow  cup-Uke  depression  is  formed  by  the  action  of  the  en- 
zyme upon  the  coagulated  beef  senmi.  Excavation  of  the  surface  of 
the  plate  does  not  occur  at  body  temperature  and  the  higher  tempera- 
ture has  the  advantage  that  it  prevents  the  multiplication  of  bacteria. 
Various  dilutions  of  the  fluid  to  be  ti^sted  for  enzymotic  activity  may  be 
preparofl  and  the  titer  at  which  digestion  ceases  may  be  determined. 
Many  drops  may  be  applied  to  the  same  plate.  This  somewhat  crude 
metho<l  ha«  been  widely  employed  for  the  study  of  enzymes  and  anti- 
enj^ymcs  both  in  health  and  tlisease  but  it  has  in  great  part  served  to 
confirm  obwrvations  made  by  more  accurate  qtiantitative  methods. 
The  ol)8orvaiionH  made  upon  leucocytic  enzymes  and  anti-enzynu  s  by 
this  method  have  been  fully  reviewed  by  Weins  (102)  but  he  has  over- 
looked almfwjt  all  of  the  observations  made  by  quantitative  chemical 
methoiiii. 

Measurement  of  digestion  by  nitrogen  determination:  When  the 
flB^rme  difesU  a  protein  substrate  the  activity  of  digestion  is  mvas- 
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ured  by  the  amount  of  protein  coagulable  by  heat  or  by  chemical 
means  which  has  been  spht  into  incoagulable  products  such  as  albumose, 
peptone  and  lower  nitrogen-containing  decomposition  products.  This 
measurement  is  readily  made  by  determining  the  amount  of  nitrogen 
in  incoagulable  substances  before  and  after  digestion  during  24  hours 
at  37°C.,  some  conveniently  ol^tainable  protein  such  as  blood  serum 
denaturalized  by  heat  being  used  as  a  substrate.  Nitrogen  may  be  de- 
termined by  the  Kjeldahl  method  which  was  used  by  Ascoli  and  Ma- 
resche  (4)  and  by  Opie  (79),  or  by  the  microchemical  method  of  Folin, 
which  Jobhng  (49)  used.  The  method  ensures  an  accurate  determina- 
tion of  the  activity  of  digestion. 

Preparation  and  character  of  leucoprotease.  The  enzyme  of  the 
polynuclear  leucocytes  was  extracted  (Friedrich  Mliller)  from  purulent 
sputum  or  fresh  pus  by  means  of  glycerine.  A  permanent  preparation 
of  the  enzyme  may  be  oljtained  from  the  leucocytes  of  a  sterile  inflam- 
matory exudate  produced  by  the  injection  of  aleuronat  into  the  pleural 
cavity  of  a  dog  by  treating  the  washed  cells  with  absolute  alcohol  in 
sufficient  quantity  to  cause  dehydration  (Opie).  After  removal  of  the 
alcohol  the  cells  are  treated  with  ether,  dried  and  reduced  to  a  fine 
powder.  This  material  actively  digests  protein  such  as  blood  serum 
denaturalized  after  dilution  with  an  equal  volume  of  physiological 
salt  solution  by  heating  to  75°C.  It  acts  in  a  neutral  or  alkaline  (0.2 
per  cent  sodium  carbonate)  solution  but  is  almost  wholly  inactive  in  the 
presence  of  acid  (0.2  per  cent  acetic  acid).  This  enzyme  is  slightly 
increased  in  activity  by  short  exposure  to  temperatures  between  50 
and  60°C.,  is  sKghtly  impaired  by  a  temperature  of  65°C.  and  is  destroyed 
between  70  and  75°C. 

Fresh  leucocytes  incubated  on  Loeffler's  serum  plates  at  37°C.  cause 
no  cupping  of  the  surface  but  if  leucocytes  are  first  subjected  to  an 
elevated  temperature  (55°C.)  and  then  incubated  at  body  temperature 
active  solution  of  the  plate  occurs.  The  high  temperature  according  to 
Miiller  and  Jochmann  is  required  to  destroy  the  leucocytes  so  that 
their  enzymes  may  be  set  free.  The  enzyme  causes  active  proteolysis 
at  temperature  between  50°  and  55°C. 

The  proteolytic  enzyme  of  the  polynuclear  leucocytes  has  been  given 
the  name  ''leucoprotease"  by  Opie  (81). 

A  purified  enzyme  was  prepared  from  leucocytes  by  Jochmann  and 
Lockemann  (57).  Material  containing  the  enzyme  was  allowed  to 
autolyze  during  from  24  to  48  hours  at  55°C.  The  autolysate  was  then 
treated  with  about  five  times  its  volume  of  alcohol  (2  parts)  and  ether 
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(1  part)  in  order  to  remove  fatty  material  and  to  precipitate  protein. 
After  standing  during  one  day,  the  material  was  filtered  and  the  residue, 
first  evaporated  to  get  rid  of  alcohol  and  ether,  was  intimateh^  rubbed 
with  glycerine  in  the  proportion  of  about  one-fourth  of  the  volume  of 
the  original  material  from  which  the  enzyme  was  obtained,  and  an 
equal  volume  of  water  was  added.  After  standing  one  or  two  days  in 
the  dark  the  solution  was  passed  through  a  porcelain  filter  and  the  clear 
filtrate  was  treated  with  five  or  six  times  its  volume  of  a  mixture  of  alco- 
hol and  ether.  The  white  precipitate  thus  formed  was  dried  in  a 
vacuum  over  concentrated  sulphuric  acid.  The  final  product  which 
was  yellowish  brown  and  somewhat  hydroscopic  formed  a  brown  solu- 
tion when  dissolved  by  rubbing  with  water  or  physiological  salt  solution. 
It  digests  coagulated  blood  serum,  fibrin,  gelatin  and  casein  best  in  a 
weakly  alkaline  solution.  When  dissolved  in  water  it  is  destroyed  by 
temperatures  between  70°  and  75°C.  but  in  dry  form  though  impaired 
in  activity  resists  temperatures  from  75°  to  95°C.  being  destroyed  by 
100°C. 

The  effects  of  various  chemicals  upon  the  enzyme  of  leucocytes  have 
been  studied  by  several  observers,  including  Jochmann  and  Lockemann 
(57),  Muller  and  Kolaczek  (75).  The  enzyme  is  especially  resistant 
to  the  action  of  formaUn.  Jochmann  and  Zieglcr  (58)  noted  that  the 
proteolytic  enzyme  of  leucemic  organs  was  not  destroyed  by  preserva- 
tion in  10  per  cent  formaUn  even  after  the  lapse  of  a  year.  If  part  of 
a  spleen  is  placed  in  salt  solution  and  part  in  10  per  cent  formalin 
(Jochmann  and  Lockemann)  disintegration  proceeds  rapidly  in  the 
former  at  a  temperature  of  55°C.  so  that  complete  liquefaction  has 
occurred  after  48  hours,  but  in  the  presence  of  formalin  the  tissue  is 
completely  preserved.  If  ti.ssue  preserved  in  formalin  is  washed  in 
running  water  and  then  applied  to  the  serum  plate,  excavation  of  the 
surface  occurs.  The  experiment  shows  that  digestion  is  inhibited  by 
the  presence  of  formalin  but  the  enzyme  is  not  destroyed.  The  puri- 
fied enzyme  of  Jochmann  and  Lockemann  was  impaired  but  not  de- 
stroyed when  diH8olved  in  10  per  cent  formalin.  It  is  noteworthy  that 
the  action  of  fonnulin  on  trypsin  is  Himilur  to  that  upon  the  enzyme  of 
leucocytes. 

The  production  of  fever  by  hMicoproteuHc  was  observcMJ  l)y  Jochmann 
(54).  He  found  elevation  of  temperature!  in  rabbits  following  the  in- 
jection of  enzyme  of  leucocytes  or  of  pancreatin  into  the  vein  or  into  the 
•ubcutaneoufl  tiwiue;  it  apptMirrd  after  one  honr,  the  temperature  re- 
mained somewhat  clevat<'<i  after  two  hours  and  then  fell.     The  result 
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was  the  same  when  the  solution  was  heated  during  a  quarter  of  an  hour 
at  80°  to  90°C.  and  is  not  dependent  upon  the  presence  of  the  proteolytic 
enzyme  but  is  caused  by  substances  related  to  proteins  and  associated 
with  the  enzyme.  Jochmann  thinks  that  these  substances,  as  well  as 
the  toxins  of  bacteria,  are  concerned  in  the  production  of  the  fever 
which  accompanies  suppurative  processes. 

Diminution  of  the  coagulability  of  drawn  blood  by  addition  of  enzyme 
of  leucocytes  has  been  observed  by  Jochmann  (54) .  Very  large  quanti- 
ties of  the  enzyme  injected  into  an  animal  cause  an  initial  diminution  of 
coagulability  and  later  an  acceleration  of  coagulation. 

Occurrence  of  leucoprotease  in  the  tissues.  The  proteolytic  enzj'me  of 
polynuclear  leucocytes  which  like  trypsin  digests  in  the  presence  of  an 
alkaline  reaction  has  been  found  in  those  organs  within  which  polynu- 
clear leucocytes  are  particularly  numerous.  Leucoprotease  was  found 
in  the  bone  marrow  by  Opie  (80).  Autolysis  of  liver,  kidney,  spleen, 
lymph  nodes  and  other  tissues  proceeds  more  rapidly  in  the  presence  of 
weak  acid  (e.g.,  0.2  per  cent  acetic  acid)  than  in  a  neutral  or 
alkaline  medium.  Bone  marrow,  on  the  contrary,  autolyzes  more 
actively  in  an  alkaline  (e.g.,  0.2  per  cent  sodium  carbonate)  than  in  an 
acid  medium  and  furthermore  digests  extraneous  protein  under  the 
same  conditions.  E.  Miiller  and  Jochmann  (71)  found  that  a  drop  of 
the  material  which  was  pressed  from  the  cut  surface  of  a  human  lymph 
node  failed  to  digest  the  surface  of  coagulated  serum  incubated  at  50°C. 
but  under  the  same  conditions  active  digestion  was  caused  by  red  mar- 
row squeezed  out  of  a  rib  or  vertebra. 

Leucoprotease  is  formed  within  the  polynuclear  leucocytes  before  they 
leave  the  bone  marrow.  Here  they  elaborate  a  proteolytic  enzyme 
which  in  some  respects  resembles  trypsin.  Nothing  is  known  concern- 
ing the  formation  of  the  enzyme  with  the  leucocyte.  A  zymogen 
has  not  been  found.  No  relation  to  the  specific  granules  of  the  poly-  / 
nuclear  leucocytes  has  been  demonstrated. 

Hedin  and  Rowland  (28)  found  that  the  expressed  juice  of  the  spleen 
of  beef,  horse,  pig  and  sheep  undergoes  much  more  active  autolysis  in 
an  acid  than  in  an  alkaline  medium.  Nevertheless  in  the  presence  of 
an  alkaline  reaction  (0.2  to  0.37  per  cent  sodium  bicarbonate)  digestion 
is  still  considerable.  Hedin  (26)  succeeded  in  separating  almost  com- 
pletely two  enzymes  one  of  which,  designated  lieno-B-protease,  digests 
in  an  alkaline  medium.  These  enzymes  not  only  digest  the  cells  of  the 
spleen  but  cause  the  disintegration  of  other  proteins  such  as  fibrin, 
casein  and  coagulated  blood  serum. 
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By  quantitative  determinations  by  means  of  the  Kjeldahl  method, 
Opie  (80)  found  that  the  digestive  activity  of  spleen  in  the  presence  of 
an  alkahne  medium  stood  next  to  that  of  bone  marrow  and  exceeded 
that  of  hver,  kidney  and  lymphatic  nodes. 

The  proteolytic  enzjTne  of  leucocytes  has  been  found  by  Friederich 
Miiller  and  subsequent  investigators  in  purulent  exudates  from  patients. 
The  studies  of  Opie  were  in  great  part  made  with  the  active  leucoprotease 
obtained  from  sterile  inflammatory  exudates  of  dogs.  E.  Miiller  and 
Jochmann  (72)  using  the  serum  plate  method,  have  found  no  solution 
of  the  serum  with  cells  obtained  from  rabbits  and  guinea  pigs  by  in- 
jecting a  solution  of  nucleinic  acid  below  the  skin  or  into  the  peritoneal 
cavity.  Using  the  same  method,  Jochmann  and  K.  Ziegler  (58) 
have  observed  proteolysis  caused  by  spleen  and  bone  marrow  of  monkeys 
and  slight  proteolysis  caused  by  the  same  tissues  from  the  dog  but  have 
found  none  when  they  tested  organs  from  fox,  cat,  various  rodents, 
pig,  sheep,  beef  and  horse.  The  serum  plate  method  is  not  sufficiently 
delicate  to  determine  the  absence  of  enzyme.  A  weak  proteolytic 
enzyme  digesting  in  the  presence  of  an  alkaline  medium  was  found  by 
Opie  and  Barker  (84)  in  leucocytes  obtained  by  injecting  turpentine 
into  the  subcutaneous  tissue  of  a  rabbit;  digestion  was  measured  by 
Kjeldahl  determination  of  nitrogen  in  the  products  of  digestion.  Using 
Van  Slyke's  micro-method  to  measure  amino  nitrogen,  Parker  and 
Franke  (87)  found  only  a  very  small  increase  after  digestion  of  purified 
blood  albumin  and  came  to  the  conclusion  that  leucocytes  of  rabbits 
contain  no  proteolytic  enzyme;  they  found,  however,  erepsin,  which 
formed  amino  acids  by  digestion  of  peptone.  No  enzyme  resembling 
the  leucoprotease  of  mammals  was  found  by  Opie  and  Barker  (84)  in 
the  leucocytes,  bone  marrow  or  spleen  of  the  lien. 

Relation  of  leucoprotease  to  trypsin.  Leucoprotease  which  acts  in 
the  presence  of  an  alkaline  medium  resembles  trypsin  but  extracts 
obtained  from  leucocytes  are  much  less  active  than  preparations  of 
trypsin.  Tho.sc  who  have  assumed  that  the  anti-enzyme  of  the  serum 
is  a  true  antibody  have  reached  the  conclusion  that  leucoprotease  and 
trypsin  are  idcaitical  for  as  .lochnuinii  and  Kantorowicz  (50)  have 
found,  injection  of  animals  with  one  of  the  two  substances  increases 
the  inhibiting  action  of  the  scrum  for  both.  Fiiithornioro,  scrum  of 
which  the  inhibiting  action  is  overcoini^  by  adiUtion  of  one  (<n/ynio  no 
longer  inhibits  the  other.  This  evidence  is  inconclusive  if  it  can  be 
shown  that  the  anti-enzymotic  activity  of  the  serum  is  caused  by  non- 
Mp<;cific  HulMtances.     TIiim  Hubject  will  by  discuHHcd  under  "Anlileuco- 


INTRACELLULAR   DIGESTION  559 

protease"  and  it  will  be  evident  that  the  more  recent  investigators  find 
that  the  anti-enzyme  of  the  serum  is  not  a  specific  antibody. 

Wiens  and  E.  Miiller  (103)  found  that  the  blood  serum  of  the  turtle 
failed  to  inhibit  the  human  leucocytic  enzyme  but  inhibited  trypsin 
as  effectively  as  human  serum.  Jochmann  and  Kantorowicz  (55) 
found  that  turtle  serum  inhibited  very  slightly  the  purified  leucocytic 
enzyme  whereas  it  actively  inhibited  trypsin  in  from  5  to  10  per  cent 
solution,  but  human  serum  also  inhibited  trypsin  more  completely  than 
leucocytic  enzyme. 

By  the  action  of  purified  enzyme  from  leucocytes  upon  Witte's 
peptone  in  the  presence  of  sodium  carbonate  (less  than  1.5  per  cent) 
at  37°C.  under  chloroform,  Jochmann  and  and  Lockemann  (57)  obtained 
crystals  of  trypsin  after  5  or  6  days;  parallel  tests  with  pancreatin 
showed  the  presence  of  characteristic  crystals  after  one  day.  Leucin, 
tryptophan  and  ammonia  were  demonstrable  according  to  these  ob- 
servers as  products  of  leucocytic  digestion  of  peptone  and  they  reach 
the  conclusion  that  there  is  a  very  close  similarity  between  the  enzyme  of 
leucocytes  and  trypsin. 

A  comparison  has  been  made  bj-^  Jobling  and  Strouse  (49)  between 
the  products  of  digestion  obtained  from  casein,  purified  egg  albumin  and 
Witte's  peptone  by  the  action  of  a  solution  prepared  from  dried  pow- 
dered leucocytes  on  the  one  hand  and  of  a  solution  made  from  the 
powdered  trypsin  of  commerce  on  the  other.  The  quantity  of  proteoses 
with  leucoprotease  exceeds  that  with  trypsin  whereas  products  of 
digestion  below  proteoses,  namely,  peptone  and  amino  acids,  were  much 
less  with  leucoprotease  than  with  trypsin.  No  tryptophan  was  formed 
by  the  action  of  leucoprotease.  The  digestion  with  leucoprotease  in 
their  experiments  did  not  progress  as  far  as  trj^ptic  digestion.  They 
found  in  fresh  pus  cells  an  erepsin-like  enzyme  which  was  capable  of 
splitting  petpone. 

Leucoprotease  and  immunity.  Metchnikoff  (68)  proposed  the  name 
microcytase  for  complement  or  alexin  which  is  concerned  in  bacterioly- 
sis because  he  believed  that  it  was  derived  from  the  polynuclear  leuco- 
cytes and  had  the  characters  of  a  proteolytic  enzyme.  For  complement 
which  combines  with  antibody  or  amboceptor  to  cause  hemolysis  he 
suggested  the  name  macrocytose  believing  that  it  was  derived  from 
macrophages.  The  effect  of  heat  upon  complement  indicates  that  it  is 
not  identical  with  leucoprotease  on  the  one  hand  nor  with  protease  of 
macrophages  on  the  other,  since  these  substances  resist  temperatures 
which  destroy  complement. 

PHTSIOLOGICAL  REVIEWS,   VOL.  II,  NO.  4 


560  EUGENE   L.   OPIE 

Proteolj-tic  enzjTiie  of  leucocytes  was  found  to  have  no  bactericidal 
action  by  Jochmann  (53)  when  tested  with  B.  typhosus,  staphylococci 
and  streptococci,  nevertheless,  according  to  Joclimann,  it  digested 
typhoid  and  colon  bacilli  just  as  quickty  as  it  digested  fibrin.  Living 
bacteria  resisted  digestion  and  even  multiplied  actively  in  the  solution 
of  enzyme.  The  enzyme  of  leucocytes  failed  to  cause  hemolysis  of  red 
blood  corpuscles.  Jochmann  found  that  the  enzyme  of  leucocytes, 
unlike  trj'psin,  failed  to  destroy  diphtheria  toxin. 

The  effect  of  leucoprotease  upon  pneumococci  has  been  studied  by 
Jobling  and  Strouse  (50)  and  for  control  compared  with  bacterial 
autolj'sis  in  salt  solution.  After  incubation  during  twenty-four  hours 
the  turbidity  of  the  fluid  containing  leucoprotease  is  much  diminished 
and  within  forty-eight  hours  the  fluid  is  almost  clear  though  the  auto- 
lyzing  suspension  remains  cloudy.  In  the  presence  of  the  enzyme  pneu- 
mococci are  reduced  to  shadows  after  twenty-four  hours  and  are  Gram- 
negative  whereas  the  autolysing  microorganisms  are  normal  in  appear- 
ance and  still  Gram-positive.  Simple  chemical  reactions  such  as  total 
acidity  and  formol  titration  indicate  that  bacteria  are  split  into  cleavage 
products  which  are  lower  than  those  obtained  by  autolysis.  Formol 
titration  as  an  index  of  the  formation  of  amino-acids  furnished  evidence 
that  leucoprotease  causes  proteolysis  of  pneumococci. 

It  is  noteworthy  that  Jobling  and  Peterson  (39),  employing  Folin's 
microchemical  method  for  the  determination  of  nitrogen  have  found 
no  evidence  of  proteolysis  when  immune  serum  and  complement  cause 
bacteriolysis  of  typhoid  and  colon  bacilli  although  proteolysis  was 
demonstrable  when  trypsin  acted  upon  the  same  microorganisms;  they 
have  not  described  parallel  experiments  with  loucojirotoaso.  The 
clearing  of  a  bacterial  suspension  under  the  influence*  of  imnnmo  serum 
does  not  prove  that  proteolysis  has  occurred,  for  Jobling  and  Strouse 
(52)  found  no  parallel  between  the  clearing  of  a  suspension  and  the 
accumulation  of  products  of  protein  disintegration. 

Some  of  the  effects  of  leucoprotease  upoji  typhoid  bacilH  have  been 
studied  by  Jobling  and  Bull  (32).  Typhoid  bacilli  like  B.  coli  injected 
into  the  circulating  blood  of  dogs  causes  ('h'vation  of  temporaturo, 
bloody  diarrhea,  coma  and  death,  and  the  abdominal  organs,  j)iuticu- 
larly  the  intestine,  arc  intensely  congested.  This  toxic  substance  is  not 
dnatroycd  by  heat  but  is  precipitated  with  tlio  coagulable  proteins  of 
tho  bacteria  so  that  the  filtrate  after  heating  to  1()()°('.  is  not  toxic. 
If  an  emulsion  of  bacilli  is  subjected  to  the  action  of  leucoprotease  dur- 
iriK  from  2  to  6  days,  the  toxic  clement  is  no  longer  precipitated  by 
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coagulation  but  is  found  in  the  filtrate  obtained  after  heating  to  100°C. 
The  toxic  substance  is  not  specific  and  similar  observations  were  made 
with  B.  coli,  meningococcus  and  Staphylococcus  aureus. 

Observations  of  Kantorowicz  (59)  indicate  that  the  resistance  of 
living  bacteria  to  proteolytic  enzymes  is  referable,  not  to  vital  charac- 
ters, but  to  anti-enzyme  which  is  present  in  the  bodies  of  the  bacteria. 
Gram-negative  bacteria  lose  this  inhibiting  property  when  heated  to 
70°C.  but  Gram-positive  bacteria  inhibit  digestion  even  after  boiling. 
Dried  organisms  retain  their  anti-enzymotic  activity  but  lose  their 
resistance  when  extracted  with  acetone.  Bacteria  were  used  in  the 
foregoing  experiments  of  Kantorowicz  as  substrate  for  proteolytic 
enzymes  and  digestion  was  measured  by  clearing  of  the  suspension. 
Jobling  and  Peterson  (39)  measured  digestion  by  Folin's  method 
of  nitrogen  determination.  They  £ound  that  dried  organisms  resisted 
digestion  in  a  degree  proportional  to  their  content  of  unsaturated  lipoids 
(see  anti-enzyme  for  leucoprotease) .  Substances  which  extract  lipoids 
reduce  the  resistance  of  bacteria  to  proteolysis  and  the  saponified 
extracted  lipoids  inhibit  the  digestion  of  casein  by  trypsin  in  a  degree 
proportional  to  their  unsaturation. 

Bacteria,  namely  typhoid  and  colon  bacilli,  were  found  by  Jobling  and 
Peterson  (39)  to  be  so  altered  by  immune  serum  and  complement 
that  they  are  more  readily  digested  by  trypsin.  Complement  alone  or 
an  excess  of  immune  serum  and  complement  rendered  bacteria  more 
rather  than  less  resistant  to  proteolysis.  Rosenow  (91)  noted  that  the 
intracellular  digestion  of  pneumococci  ingested  by  leucocytes  in  vitro 
varied  considerably  when  the  blood  of  different  individuals  was  em- 
ployed and  came  to  the  conclusion  that  the  variation  was  referable  to 
the  action  of  the  serum  on  the  leucocytes  stimulating  them  to  increased 
activity.  Douglas  (15)  treated  B.  pestis  which  undergoes  phagocytosis 
in  the  absence  of  serum  with  unheated  and  with  heated  serum  and  sub- 
jected them  to  phagocytosis.  Bacilli  which  had  been  treated  with  fresh 
serum  underwent  active  intracellular  digestion  whereas  those  treated 
with  heated  serum  remained  intact  within  the  substance  of  the  leucocyte. 
Douglas  further  found  that  bacteria  (bacillus  of  Friedlander)  or  red 
blood  corpuscles  exposed  to  the  action  of  fresh  serum  and  then  washed 
by  centrifugalization  were  digested  by  trypsin  or  by  leucoprotease 
whereas  bacteria  or  red  corpuscles  treated  with  serum  heated  to  60°C. 
remained  unchanged. 
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Inhibition  of  leucoprotease  by  blood  serum  ;antileucoprotease. 
To  describe  the  enzymotie  activities  of  phagocytic  cells  it  is  necessary 
to  discuss  the  inhibitory  factors  which  are  concerned.  The  anti-enzyme 
of  the  blood  serum  will  be  discussed  in  relation  to  leucoprotease  and  ob- 
servations concerning  inhibition  of  trypsin  will  be  cited  in  so  far  as  they 
help  to  explain  the  inhibition  of  leucocytic  enzymes.  The'  terms  anti- 
enzj^me,  antileucoprotease,  etc.,  are  used  as  convenient  descriptive 
words  and  do  not  imply  that  the  substances  which  inhibit  are  specific 
antibodies.  The  antitryptic  action  of  the  blood  serum  was  first  ob- 
served by  Hildebrandt  (30). 

The  power  of  the  blood  serum  to  inhibit  the  proteolytic  activity  of 
leucoprotease  was  described  by  Opie  (79).  The  anti-enzyme  for  leuco- 
protease passes  from  the  blood  into  an  inflammatory  exudate  and  has 
an  imp)ortant  part  in  the  phenomena  of  inflammation  (see  p.  572). 
The  addition  of  blood  serum  or  serum  of  an  inflammatory  exudate  to  a 
mixture  of  leucoprotease  and  substrate,  such  as  denaturalized  serum, 
gelatin  or  fibrin,  prevents  or,  in  smaller  quantity,  retards  proteolysis. 
A  temperature  of  75°C.  maintained  during  one-half  hour  sufficed  to 
destroy  the  anti-enzymotic  activity  of  serum,  which  was  not  impaired 
by  a  temperature  of  fiS^'C.  The  anti-enzyme  was  more  effective  in  an 
alkaline  (0.2  per  cent  sodium  carbonate)  than  in  a  neutral  medium  but 
its  inhibitory  action  was  lost  in  the  presence  of  acid  (0.2  per  cent  acetic 
acid). 

Employing  the  serum  plate  method  E.  Midler  and  Jochmann  (71) 
found  that  serum  inhibited  the  enzyme  of  leucocytes.  E.  Miiller  and 
Kolaczek  (75)  found  no  anti-enzyme  in  the  cerebrospinal  fluid;  none 
was  found  in  the  bile  nor  in  milk.  In  normal  urine  they  found  no  unti- 
enyzrae  but  with  abundant  excretion  of  albumin  especially  with  chronic 
passive  congestion  of  the  kidneys  and  with  chronic  parenchymatous 
nephritis  the  urine  inliibited  the  enzymes  of  leucocytes. 

The  anti-euzynu!  of  the  blood  is  not  specific  for  leucoprotease  ob- 
tained from  the  same  species.  Opie  and  Barker  (84)  found  that  leuco- 
protease of  the  dog  is  inhibited  ])y  serum  of  man,  ox,  dog,  cat,  goat  and 
rabbit,  the  last  mentioned  being  stronger  than  the  others.  Leucopro- 
tease of  rabbit  was  inhibited  by  the  serum  of  dog  and  of  rabbit,  that  of 
the  rabbit  being  again  the  stronger.  The  scrum  of  birds  (pigeon,  hen) 
on  the  contrary  failed  to  exhibit  anti-enzymotic  action  when  tested  with 
the  leucoprotease  of  dogs.  Wiens  and  E.  MUllcr  (103)  found  that  the 
serum  of  the  turtlr  failed  to  inhibit  the  proteolytic  enzyme  of  leucocytes 
but  itihibilN  Irvpsiti  .ilniost  as  etiectively  as  human  serum. 
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Antileucoprotease  was  precipitated  by  Opie  and  Barker  (84)  with  the 
albumin  fraction  of  the  blood  serum,  obtained  by  complete  saturation 
with  ammonium  sulphate  but  was  absent  in  the  euglobulin  fraction 
obtained  by  one-third  saturation  or  in  the  globulin  fraction  obtained  by 
half  saturation. 

By  adding  increasing  quantities  of  leucoprotease  to  the  same  quantity 
of  serum  Opie  (82)  found  that  a  given  quantity  of  serum  can  inhibit 
the  action  of  only  a  limited  quantity  of  enzyme;  for  example,  2.5  cc. 
of  serum  completely  inhibited  the  proteolytic  activity  of  20  mgm.  of 
dried  leucocytes  but  failed  to  prevent  proteolysis  when  a  larger  quantity 
of  enzyme  was  employed. 

Anti-enzyme  in  the  blood  serum  with  disease.  Numerous  studies  of 
the  anti-enzymotic  activity  of  the  blood  have  been  made;  from  the 
standpoint  of  diagnosis  they  have  disappointed  early  expectations.  No 
exhaustive  review  of  the  extensive  literature  of  this  subject  will  be  made. 
Observations  of  interest  in  relation  to  the  enzymes  of  leucocytes  will 
be  cited  briefly. 

The  anti-enzymotic  activity  of  the  blood  was  studied  by  Wiens 
(99),  (100),  (101)  in  a  considerable  number  of  diseases;  he  has  used  the 
serum  plate  method  and  has  performed  his  tests  with  fresh  pus.  With 
general  and  local  pyogenic  infections  he  had  found  a  diminution  of  anti- 
enzyme  which  he  attributes  to  an  increased  destruction  of  leucocytes  in 
the  body.  Wiens  and  Schlecht  (104)  have  compared  the  anti-enzymo- 
tic strength  of  the  serum  with  the  number  of  leucocytes  in  the  blood 
and  with  acute  infectious  diseases  have  usually  found  diminution  of 
anti-enzyme  during  and  immediately  after  an  increase  in  the  number  of 
polynuclear  leucocytes;  later  an  increase  of  anti-enzyme  may  occur. 
Nevertheless  variations  in  the  anti-enzyme  particularly  in  chronic 
disease  may  bear  no  relation  to  leucocytosis. 

The  anti-enzyme  of  the  blood  is  not  infrequently  increased  with  con- 
ditions which  are  unaccompanied  by  leucocytosis.  Brieger  and  Tre- 
bing  (10),  (11)  found  antitrypsin  increased  with  carcinoma  and  sarcoma 
in  90  per  cent  of  the  cases  examined,  and  later,  observing  the  same  change 
with  some  other  diseases,  for  example,  tuberculosis  accompanied  by 
wasting  and  cachexia  designated  this  increase  "  the  cachexia  reaction." 
Brenner  (9)  found  that  the  anti-enzymotic  activity  of  the- serum  was 
usually  increased  with  severe  anemia  and  chlorosis  but  no  definite 
relation  to  the  number  of  red  blood  corpuscles  nor  to  the  hemoglobin 
content  of  the  blood  was  evident.  Increase  of  antitrypsin  was  found  by 
K.  Myer  (09)  in  association  with  exophthalmic  goiter.     Nevertheless, 
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increase  of  antitn^psin  is  often  unassociated  with  wasting  and  anemia. 
Grafenberg  (24)  and  later  Thaler  (98)  and  others  found  increase  of  anti- 
enzyme  during  pregnancy. 

Sir  A.  E.  Wright  (106)  has  found  coincident  loss  of  antitrypsin  and 
diminution  of  alkalinity  in  the  edematous  fluid  at  the  site  of  infection 
with  the  gas  bacillus  of  Welch  both  in  man  and  in  animals.  In  the  blood 
diminution  of  alkalinity  and  increase  of  antitrypsin  was  found. 

Following  the  administration  of  potassium  iodide,  Jobling  and  Peter- 
sen (41)  found  diminution  of  the  antitryptic  content  of  the  blood  serum, 
but  in  two  instances  of  iodide  poisoning  antitrypsin  was  increased. 

T?ie  nature  of  the  anti-enzyme  in  blood  serum.  Increase  of  anti- 
enzjinotic  activity  of  the  blood  was  found  by  Jochmann  and  Kantoro- 
wicz  (56)  when  they  repeatedly  injected  subcutaneously  into  rabbits 
an  extract  of  dried  leucocytes  from  human  pus.  Before  injection  one 
drop  of  serum  inhibited  the  proteolysis  of  one  drop  of  pus  but  after  these 
injections  serum  diluted  from  thirty-two  to  sixty-four  times  had  the 
same  effect.  There  was  a  parallel  increase  of  anti-enzyme  both  for 
trypsin  and  for  leucocytic  enzyme.  If  trypsin  was  mixed  with  a 
quantity  of  scrum  which  just  served  to  inhibit  its  activity  the  mixture 
exerted  no  inhibitory  action  upon  the  enzyme  of  leucocytes.  Upon 
the  evidence  of  these  experiments  the  authors  reach  the  conclusion  that 
the  anti-enzyme  for  trypsin  and  that  for  the  enzyme  of  leucocytes  are 
identical,^ 

Achalme  (2)  injected  trj'psin  into  the  peritoneal  cavity  of  guinea 
pigs  and  found  the  normal  inhibitory  action  of  the  serum  increased. 
After  two  months  Bergmann  and  Bamberg  (7)  found  the  anti-enzymotic 
activity  of  the  serum  of  dogs  doubled  by  repeated  subcutaneous  injec- 
tion of  trypsin.  The  anti-enzymotic  activity  of  the  serum  of  two  dogs 
which  received  20  cc.  of  4  per  cent  trypsin  solution  was  increased  after 
24  hourH  in  one  instance  to  ten  times  its  former  strength.  Some  ob- 
servers have  assumed  that  the  trypsin  acts  as  an  antigen  and  brings 
at>out  the  formation  of  a  true  antibody.  Some  have  maintained  tiiat 
the  anti-enzym(?  of  normal  serum  is  formed  in  response  to  the  presence 
of  enzyme  within  the  body;  Wiens  (99)  suggests  that  the  enzyme  of  the 
leucocytes  furnishes  the  stinmlus  to  its  formation.  Collinor  (12)  thinks 
that  trypsin  absorbed  from  the  pancreas,  and  K.  Meyer  (70)  that 
autolytic  and  proteolytic  enzymes  derived  from  the  tissues  mny  act  as 
antigen. 

Specificity  in  one  of  the  characters  of  antibodies  formed  when  an 
antigen  haii  entered   the   bofly,     Kisncr   CI?')    found   that  sera  which 
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varied  in  their  anti-en  zymotic  action  upon  trypsin  did  not  show  cor- 
responding variations  when  tested  with  labferment,  pepsin,  emulsin 
and  hpase.  Weil  (105)  cites  evidence  to  show  that  anti-enzyme  of  the 
sermn  is  not  a  specific  antibody;  human  sera,  he  states,  inhibit  the 
vegetable  protease  papain  in  a  constant  ratio  to  their  inhibition  of  tryp- 
sin. An  observation  of  Pozerski  (90)  cited  by  Weil,  is  noteworthy  in 
this  connection;  the  serum  of  an  animal  immunized  against  papain 
contained  a  specific  precipitin  and  an  antibody  which  fixed  complement 
but  it  possessed  no  increased  ability  to  inhibit  proteolysis  caused  by 
papain. 

Increase  of  serum  anti-enzyme  following  injection  of  trypsin  is  of 
little  value  as  evidence  of  an  immunity  reaction,  for  similar  increase  is 
produced  by  a  variety  of  apparently  unrelated  means.  In  animals 
which  had  received  choloroform  or  phosphorus  in  quantity  sufficient  to 
produce  profound  intoxication  Opie,  Barker  and  Dochez  (86)  found  an 
increase  of  proteolytic  enzyme  in  the  blood  serum  and  in  some  instances 
complete  disappearance  of  anti-enzyme.  In  animals  which  repeatedly 
received  these  substances  in  doses  insufficient  to  cause  death,  there  was 
a  progressive  increase  of  anti-enzyme.  Braunstein  and  Kepnow 
(70)  increased  the  antitrypsin  of  the  blood  by  injecting  an  emulsion  of 
tissue  cells  into  the  peritoneal  cavity  of  rabbits.  K.  Meyer  (70)  found 
the  antitrypsin  of  the  blood  increased  in  rabbits  and  dogs  and  also  in 
patients  after  administration  of  thyroid  tissue. 

In  view  of  the  lack  of  evidence  that  the  anti-enzyme  of  the  serum  is  a 
true  antibody  attempts  have  been  made  to  find  in  the  serum  some  sub- 
stance capable  of  inhibiting  the  action  of  proteolytic  enzymes. 

The  antitryptic  action  of  serum  was  attributed  to  lipoid  substances 
by  Schwarz  (94).  He  found  that  an  emulsion  of  lipoids  prepared  from 
the  organs  of  the  horse  by  extraction  with  alcohol  and  ether  and  pre- 
cipitation by  acetone  inhibited  trypsin.  By  extraction  with  ether 
serum  was  deprived  of  its  inhibiting  action  but  addition  of  lipoids  re- 
stored it.  He  suggests  that  serum  antitrypsin  is  a  combination  of 
lipoid  with  protein.  Delezenne  and  Pozerski  (14)  had  made  the  ob- 
servation that  serum  treated  with  chloroform  underwent  autolysis. 
Sugimoto  (96)  found  that  the  antitryptic  action  of  egg  white  was 
removed  by  extraction  with  ether,  petroleum  ether,  benzol  and  benzin, 
the  effect  of  the  last  named  being  least.  Addition  of  the  lipoid  which 
had  been  removed,  of  lecithin,  of  lipoid  from  brain  and  of  lipoid  from 
liver  to  the  egg  white  extracted  with  petroleum  ether  did  not  restore  its 
inhibiting  action  and  the  lipoids  themselves  had  little  effect  upon  the 
tryptic  digestion  of  casein. 
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Leucoprotease  and  trypsin  were  inhibited  by  Jobling  and  Petersen 
(34)  with  sodium  soaps  prepared  from  oHve  oil,  croton  oil,  cod  liver  oil 
and  linseed  oil.  Complete  inhibition  of  tryptic  digestion  of  casein  was 
caused  by  0.005  gram  of  linseed  oil  soap  and  partial  inhibition  was 
evident  with  much  smaller  quantities.  The  anti-enzymotic  activity  of 
the  soap  was  inversely  related  to  the  saturation  of  its  fatty  acid  and  in 
proportion  to  its  iodine  value.  Soaps  of  the  saturated  fatty  acids  such 
as  sodium  stearate  or  palmitate  did  not  inhibit  the  action  of  the  enzymes. 
Saturation  of  an  unsaturated  fatty  acid  with  iodine  removed  the  in- 
hibiting activity  of  the  soap. 

Studies  of  the  nature  of  the  serum  antitrypsin  have  been  made  by 
Jobling  and  Petersen  (37).  The  antitryptic  action  of  serum,  lost  by 
standing  under  ether  during  4  days  was  partially  restored  when,  after 
evaporation  of  the  ether,  sodium  hydrate  was  added  in  sufficient  quan- 
tity to  give  the  ether  treated  serum  a  slightly  alkaline  reaction.  The 
anti-enzyme  is  removed  when  the  serum  is  acidified  with  hydrochloric 
acid  (e.  g.,  5  cc.  N/10  acid  added  to  20  cc.  of  serum  from  the  dog)  and 
filtered  through  kaoUn ;  extraction  of  the  kaolin  with  sodium  alcoholate 
furnished  a  solution  which  inhibited  the  action  of  trypsin  and  had  about 
one-tenth  the  strength  of  the  untreated  serum.  Potassium  iodide  was 
found  to  diminish  the  antitryptic  action  of  serum.  When  linseed 
oil  soap  was  mixed  with  serum  its  inhibiting  action,  like  that  of  serum 
alone,  was  completely  removed  by  heating  during  thirty  minutes  at 
70*0.  From  the  evidence  of  these  experiments  the  authors  reach  the 
conclusion  that  the  onzymc-inhibiting  action  of  the  serum  is  due  to  the 
presence  of  com|K)unds  of  the  unsaturated  fatty  acids. 

Slovzov  and  Xenophontava  (95)  found  that  the  antitryptic  substance 
of  the  serum  can  be  extracted  with  chloroform  ])ut  not  with  toluel. 
Since  fatty  acids  have  the  same  antitryptic  action  which  is  reduced  by 
iodizing  they  reach  the  conclusion  that  the  antitryptic  action  of  the 
scrum  is  caused  by  lipoids. 

The  lipoidal  nature  of  antitrypsin  is  not  accepted  by  Coblincr  (12), 
Meyer  (70)  nor  Teale  and  Bach  (97),  all  of  whom  have  found  that  ex- 
traction of  dried  sera  with  lipoid  solvents  such  as  cldoroforin,  other  and 
petroleum  ether  does  not  remove  its  antitryptic  power.  Toalo  and 
Bach  cite  experiments  to  show,  contrary  to  the  opinion  of  Jobling  and 
Petersen,  thai  lipoidn  are  more  readily  exh'iU'tcd  from  the  dry  tliiui  from 
wet  serum  and  maintain  that  the  lipoidal  Holvcnls  (l(>slr<»y  (lie  unti- 
cnzymotic  activity  of  the  serum  only  when  they  bring  about  coagula- 
tion of  protein.  Their  ohHcrvations  concerning  Ihe  inliibiling  ])r(»per- 
tie«  of  soaps  are  at  variance  with  those  of  Jobling  and  PcterHcn  and  they 
reach  the  conchision  that  the  serum  antitrypsin  is  protein  in  nature. 
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Proteolytic  ENZYME  OF  MONONUCLEAR  phagocytes  (macrophages). 
All  mammals  and  many  lower  vertebrate  species  possess  two  types  of 
cells  capable  of  engulfing  and  digesting  solid  particles.  One  type  is  the 
polynuclear  leucocyte  (polymorphonuclear)  with  fine  granulations, 
the  neutrophile  leucocyte  of  human  blood  which  with  inflammation 
leaves  the  blood  vessels  and  forms  the  chief  cellular  element  of  acute 
inflammatory  exudates.  Its  enzyme,  leucoprotease,  has  been  described. 
The  second  type  of  phagocytic  cell  is  larger  than  the  polynuclear 
leucocyte,  it  has  a  large  nucleus  which  is  round,  oval  or  somewhat 
irregular  in  outline  but  never  lobulated  like  the  nucleus  of  the  polynu- 
clear leucocyte,  and  its  cytoplasm  contains  no  granules  exhibiting  a 
specific  reaction  to  dyes.  These  cells  have  been  designated  macrophages 
by  Metchnikoff  and  are  the  endotheUal  leucocytes  of  Mallory.  During 
the  later  stages  of  acute  inflammation  when  the  inflammatory  irritant 
has  been  overcome,  the  number  of  mononuclear  phagocytes  increases 
and  these  cells  are  actively  engaged  engulfing  and  digesting  within  their 
substance  polynuclear  leucocytes,  red  blood  corpuscles  and  other  cellu- 
lar elements.  When  recovery  occurs  they  have  an  important  part  in 
removing  cellular  elements  from  the  site  of  inflammation.  Moreover, 
they  ingest  certain  parasitic  microorganisms  such  as  the  malarial  para- 
sites and  other  protozoa,  the  tubercle  bacillus,  B.  leprae  and  some  other 
bacteria.     Their  phagocytic  activity  in  typhoid  fever  is  well  known. 

The  proteolytic  enzyme  found  associated  with  these  phagocytic 
cells  by  Opie  (81),  unUke  the  enzyme  of  the  polynuclear  leucocytes, 
digests  with  greatest  activity  in  the  presence  of  an  acid  medium.  In 
the  inflammatory  exudate  obtained  by  injecting  aleuronat  into  the 
pleural  cavity  of  a  dog,  the  number  of  polynuclear  leucocytes  decreases 
with  the  progress  of  the  inflammatory  reaction  whereas  the  number  of 
mononuclear  cells  exhibits  a  corresponding  increase.  A  comparison 
between  the  character  of  the  exuded  cells  during  the  first  five  days  of  the 
inflammatory  reaction  and  the  proteolysis  which  they  cause  when  com- 
pletely freed  from  servun  has  shown  that  there  is  coincident  with  de- 
crease of  polynuclear  leucocytes,  decreasing  capacity  to  digest  in  the 
presence  of  an  alkaline  reaction  and  coincident  with  increase  of  mono- 
nuclear cells  increasing  power  to  digest  in  the  presence  of  acid.  The 
lymph  nodes  adjacent  to  the  site  of  inflammation,  for  example,  with 
sterile  pleurisy  caused  by  aleuronat,  the  substernal  lymph  nodes, 
afforded  an  opportunity  to  study  the  enzyme  of  the  large  mononuclear 
cells  almost  wholly  free  from  leucoprotease.     In  these  nodes  large 
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mononuclear  phagocytes  occur  in  increasing  number  during  the  first 
five  days  of  the  inflammatoiy  reaction  and  during  this  period  there  is 
increasing  abiUty  to  cause  proteolysis  in  the  presence  of  acid  but  no 
digestion  in  an  alkaUne  medium.  The  lymph  nodes  which  drain  the 
inflamed  tissue  and  are  crowded  with  mononuclear  phagocytes  exhibit 
much  greater  ability  to  cause  proteolysis  than  distant  lymph  nodes, 
such  as  those  of  the  mesenterj^,  which  contain  few  phagocytic  cells. 
The  enzyme  of  the  mononuclear  phagocytes  which  accumulate  as  the 
result  of  an  inflanmiatory  reaction  has  been  designated  lymphoprotease 
by  Opie.  It  causes  active  digestion  of  protein  in  the  presence  of  weakly 
acid  reaction  (0.2  per  cent  acetic  acid)  but  is  almost  entirely  inactive 
in  the  presence  of  a  neutral  or  alkaline  reaction.  The  enzyme  is  more 
susceptible  to  heat  than  leucoprotease  being  much  impaired  in  activity 
by  temperatures  between  60°  and  70°C.  It  is  destroyed  by  higher 
temperatures.  It  is  destroyed  by  drjdng  after  treatment  with  alcohol 
and  ether.  It  resembles  very  closely  the  autolytic  enzyme  of  paren- 
chymatous tissues. 

Two  proteolytic  enzymes  have  been  found  in  experimental  inflamma- 
tory exudates  in  the  dog  by  Jobling  and  Strouse  (49).  One  acts  in  an 
alkaline  medium  and  is  isolated  by  drying  with  alcohol  and  ether. 
The  other  acts  in  an  acid  medium  and,  unlike  the  alkaline-acting  enzyme, 
is  destroyed  by  heating  to  70°C.  during  one-half  hour.  In  hyperplastic 
lymph  node  in  which  the  sinuses  contained  many  large  mononuclear 
cells,  Ijongcope  and  Donhauser  (61)  found  an  enzyme  which  digested 
protein  in  the  presence  of  weak  acid. 

The  studies  of  Lord  (62)  and  Nye  (78)  upon  the  hydrogen  ion  con- 
centration favorable  to  the  enzymes  of  a  pneumonic  exudate  will  bo 
cited. 

Erepsin  in  leucocytes.  The  occurrence  within  leucocytes  of  an 
enzyme  with  the  character  of  the  erepsin  of  C'ohnhcim  is  indicated  by 
observationH  of  Jobling  and  Strouse  (49).  Leucoprotease  obtained 
after  drying  leucocytes  in  alcohol  and  ether  failed  to  decompose  i)ro- 
teOBes  and  peptone  to  form  amino-acids  and  no  tryptophan  was  ile- 
monstrablo.  Fresh  hnicocytes  split  proteo.ses  and  peptone  into  these 
products  in  both  acid  and  alkaline  media  but  heat  at  70°C.  during  one- 
half  hour  doHtroys  tluH  property.  Tiie  leucotiytes  apparently  contain 
an  cropHin-likc5  enzyme  which  acts  upon  products  of  the  digestion  caused 
by  proteolytic  onzymoH.  I'arker  and  Franke  (87)  found  that  extracts 
of  IcucocytoH  of  rabbit  faiU^d  to  cause  any  significant  disintegration  of 
protein  but  digested  |)optono  to  fonn  MinitKt-Mcid  which  was  measured 


INTRACELLULAR   DIGESTION  569 

by  van  Slyke's  method.  Similar  digestion  of  a  suspension  of  typhoid 
bacilH  was  attributed  to  the  disintegration  of  "bacto-peptone."  They 
beHeve  that  these  leucocytes  of  rabbits  contain  erepsin  but  no  protease. 

Petersen  and  Short  (89)  found  an  increase  of  peptone-splitting  enzyme 
in  the  blood  serum  immediately  preceding  and  accompanying  the  crisis 
of  lobar  pneumonia. 

Serum  protease.  Enzymes  similar  in  their  action  to  those  of  the 
leucocytes  may  be  found  in  the  blood  serum  and  after  the  coagulation 
of  the  blood  enzymes  are  found  attached  to  the  fibrin  which  is  formed. 

When  blood  serum  was  treated  with  chloroform  by  Delezenne  and 
Pozerski  (90)  the  serum  caused  proteolysis  of  gelatin  and  casein.  In 
the  blood  serum  of  the  ox  Hedin  (27)  found  a  weak  proteolytic  enzyme 
which  acts  in  the  presence  of  an  alkaline  medium  and  is  present  mainly 
in  the  globulin  fraction  of  the  serum.  By  treatment  of  blood  serum 
with  weak  acid  (0.2  per  cent  acetic  acid),  Opie  and  Barker  (85)  demon- 
strated the  presence  of  a  proteolytic  enzjnne;  the  globulin  fraction  of 
the  serum  obtained  by  half  saturation  with  ammonium  sulphate  con- 
tained an  enzyme  which  digested  protein  in  neutral  or  alkaline  media 
but  failed  to  act  in  the  presence  of  acid.  This  alkaline-acting  enzyme 
resembles  leucoprotease  which  does  not  digest  in  the  presence  of  acid. 
It  is  probable  that  the  serum  contains  two  proteolytic  enzymes. 

With  chloroform  poisoning  in  dogs  of  such  intensity  that  the  liver 
undergoes  necrosis  and  the  coagulability  of  the  blood  is  diminished, 
Opie,  Barker  and  Dochez  (80)  found  that  the  blood  serum  acquires  in- 
creased ability  to  digest  protein;  this  increased  proteolysis  is  referable 
to  an  enzyme  which  digests  with  maximum  activity  in  a  weakly  acid 
medium.  The  enzyme  which  digests  in  the  presence  of  an  alkaline 
medium  is  not  increased. 

Autolysis  of  serum  after  addition  of  chloroform  has  been  used  by 
Jobling  and  his  co-workers  in  a  series  of  studies  on  enzyme  action  (42) 
as  a  measure  of  serum  protease.  This  method  does  not  serve  to  identify 
the  protease  with  either  of  those  which  have  been  recognized  in  the 
serum.  It  is  noteworthy  that  antitrypsin  which  they  have  simultane- 
ously measured  restrains  enzymes  like  trypsin  and  leucoprotease  which 
act  in  an  alkaline  medium  but  is  inactive  in  the  presence  of  the  acid 
reaction  which  is  favorable  to  the  acid-acting  protease  of  the  serum. 
Protease  was  present  in  serum  (33)  in  greatest  strength  in  guinea  pigs 
and  rabbits  and  was  found  in  cat,  ox  and  dog.  In  the  normal  dog 
it  was  found  occasionally  but  was  constantly  found  with  distemper, 
pneumonia  and  inanition.     In  normal  human  serum  they  found  little  or 
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no  protease.  Serum  protease  cannot  be  identified  with  complement  for 
it  resists  chloroform  which  destroj^s  complement  and  is  not  destroyed  by 
a  temperature  of  56°C. 

Jobling  and  Petersen  (38)  found  that  the  serum  of  guinea  pig,  rabbit 
and  horse  loses  its  antitryptic  action  when  treated  with  kaolin,  starch, 
agar  or  bacteria.  They  refer  the  toxic  symptoms  produced  by  sera  so 
treated  (anaphylatoxin)  to  toxic  split  products  formed  bj^  the  action  of 
serum  protease  upon  the  proteins  of  the  serum  itself. 

Several  observers  claim  to  have  demonstrated  in  sensitized  animals 
the  presence  of  enzymes  specific  for  the  protein  used  as  antigen.  Job- 
ling,  Petersen  and  Eggstein  (44)  found  the  serum  protease  practically 
unaltered  after  the  first  injection  of  foreign  protein;  with  acute  anaphj'^- 
lactic  shock,  on  the  contrary,  there  was  an  "instantaneous  mobilization" 
of  non-specific  protease  and  decrease  in  anti-enzyme.  Intoxication 
they  think  is  the  result  of  cleavage  products  (peptones)  liberated  by 
enzjTne  action  immediately  after  the  introduction  of  the  antigen.  They 
do  not  regard  the  almost  instantaneous  occurrence  of  shock  as  a  valid 
argument  against  this  view. 

The  Abderhalden  reaction  demonstrated  the  presence  in  the  scrum  of 
a  proteolytic  enzyme  which  Abderhalden  has  maintained  has  a  specific 
action  on  placental  tissue  and  is  present  in  the  serum  only  during  preg- 
nancy. This  opinion  has  been  much  disputed  and  several  of  those  who 
have  investigated  the  subject  have  reached  the  conclusion  that  the 
serum  itself  is  the  source  of  the  dialyzable  products  which  are  obtained, 
the  placental  tissue  being  undigested.  Jobling,  Eggstein  and  Peterson 
(33)  maintain  that  protease  of  the  serum  becomes  active  because  under 
the  conditions  of  the  method,  the  restraining  influence  of  the  anti- 
enzyme  is  removed.  A  full  discussion  of  this  subject  is  not  desirable  in 
this  review. 

In  a  scries  of  papers  Jobling,  Petersen  and  Eggstein  (43),  (46),  (47), 
(48),  have  described  changes  in  serum  enzymes  and  anti-enzymes  follow- 
ing the  injection  of  try[)sin,  kaolin,  proteo.ses,  peptones  and  imcteria 
into  dogs.  There  was  an  increase  of  protease  and  usually  an  increase  of 
antitrypsin  which  they  regard  as  lipoid  in  nature.  The  amount  of  de- 
monHtrable  enzyme  bore  no  relation  to  variations  in  tcMuperature  or  in 
count  of  leucocyUm.  They  believe  that  a  disturbance  of  fermont-anti- 
fcrment  balance  in  tljo  Horum  may  result  in  i)roteolysis  of  sennn  pro- 
tein with  liberation  of  toxic  split  products  but  they  admit  that  Hioho 
are  not  the  solt;  agiMits  of  bacterial  intoxication. 
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In  the  absence  of  profound  fatal  intoxication  such  as  that  caused  by 
chloroform  or  phosphorus,  anti-enzyme  is  present  in  the  serum  in 
sufficient  quantity  to  restrain  the  action  of  serum  protease.  A  com- 
plete absence  of  anti-enzyme,  Jobling,  Petersen  and  Eggstein  state, 
is  not  essential  for  protease  action  provided  some  absorbing  surface  is 
present  on  which  the  relative  balance  of  ferment-antiferment  may  be 
altered;  "it  seems  probable  that  the  protease  action  can  take  place 
in  what  might  be  termed  local  areas  of  antiferment  deficiency,  such  as 
must  occur  at  the  point  of  contact  of  the  serum  and  absorbing  surface." 
Petersen  (88)  has  discussed  the  speculative  basis  for  recent  attempts  to 
find  therapeutic  use  for  agents  which  modify  the  enzyme  and  anti- 
enzyme  of  the  serum. 

No  evidence  that  neutral  fats,  fatty  acids  or  lipoid  bodies  have  a 
part  in  restraining  the  activity  of  serum  protease  has  been  found  by 
Yamakawa  (107).  He  measured  proteolysis  of  serum  by  determining 
with  the  ninhydrin  reaction  the  amount  of  dialyzable  products  formed 
from  serum  kept  in  a  dialyzing  thimble  during  16  hours  at  37°C.  Serum 
of  guinea  pig  undergoes  proteolysis  when  treated  with  chloroform, 
methyl,  ethyl  and  isobutyl  alcohol  and  acetone  but  after  removal  of 
the  chemical  activator  by  vacuum,  dialysis  or  extraction  with  indiffer- 
ent chemicals  (ether  or  petroleum  ether)  the  original  nonautolytic 
state  does  not  return.  Ethyl  ether,  petroleum  ether,  benzine  and 
toluene  neither  activated  nor  paralyzed  the  serum  protease.  Addition 
of  cholesterol,  lecithin  and  neutral  fats  such  as  triolein  and  tripalmitin 
failed  to  influence  autolysis. 

Fibrin-protease.  Fibrin  undergoes  solution  when  allowed  to  stand 
in  weakly  acid,  neutral  or  alkaline  solution.  The  influence  of  varying 
temperatures  upon  solution  and  the  formation  of  products  of  protein 
disintegration  have  shown  that  enzymes  are  concerned  in  the  process. 
Studies  of  Rulot  (92)  furnish  evidence  that  digestion  of  fibrin  is  caused 
by  leucocytes  imprisoned  in  the  meshes  of  the  fibrin.  Proteolysis  was 
measured  by  Kjeldahl  determination  of  the  nitrogen  contained  in 
decomposition  products  incoagulable  by  heat.  To  obtain  fibrin  free 
from  leucocytes  two  methods  were  used.  Clotting  of  drawn  blood  was 
prevented  by  addition  of  sodium  chloride  and  the  blood  was  centrifuged. 
Subsequent  dilution  caused  the  deposition  of  fibrin.  In  the  second 
method  the  blood  was  made  incoagulable  by  intravenous  injection  of 
propeptone;  after  centrifugalization,  fibrin  formation  was  brought 
about  by  a  current  of  carbon  dioxide.  Pure  fibrin  obtained  by  these 
methods,  Rulot  found,  was  almost  insoluble  in  physiological  salt  solu- 
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tion  but  underwent  proteolysis  when  the  leucocytes  obtained  by  cen- 
trifugaUzation  were  added  to  it.  In  fibrin  from  the  blood  Barker  (5) 
found  a  proteolytic  enzyme  which  caused  autolysis  of  fibrin  and  digested 
a  protein  substrate  in  presence  of  acid  neutral  and  alkaline  media. 

In  the  fibrin  of  inflammatory  exudates  Barker  (6)  showed  the  presence 
of  two  enzymes.  Leucoprotease  was  abundant  in  exuded  fibrin  in 
the  early  stage  of  acute  inflammation  produced  by  injection  of  turpen- 
tine into  the  pleural  cavity  of  a  dog  and  could  be  separated  from  the 
second  enzyme  which  acts  in  acid  by  drying  fibrin  after  treatment  with 
alcohol  and  ether.  After  the  second  day  of  inflammation  leucoprotease 
had  disappeared  but  a  proteolytic  enzyme  acting  in  an  acid  or  neutral 
medium  was  abundant. 

Inflammation.  At  the  site  of  an  inflammatory  reaction  anti-enzyme 
of  the  blood  passes  with  the  exudate  into  the  inflamed  tissue  or  cavity 
and  the  leucocytes  are  surrounded  by  a  fluid  capable  of  inhibiting  the 
proteolytic  enzyme  which  they  contain.  The  polynuclear  leucocytes 
engulf  solid  particles  and  digest  them  within  vacuoles  in  their  substance. 
The  anti-enzyme  of  the  surrounding  fluid  serves  to  limit  the  activity  of 
the  enzyme  to  the  site  in  which  it  is  effective.  Should  the  leucocyte  be 
destroyed  the  enzyme  which  is  set  free  can  no  longer  cause  proteolysis. 
With  relatively  mild  inflammation  such  as  that  which  occurs  with  lobar 
pneumonia  or  with  serofibrinous  pleurisy  there  is  no  solution  of  tissue 
and  the  part  is  ultimately  restored  to  normal. 

Study  of  enzymes  has  served  to  explain  many  of  the  phononieiia  of 
resolution.  At  the  height  of  the  inflammatory  reaction  tlie  solid  ele- 
ments of  the  exudate  are  polynuclear  leucocytes,  red  blood  corpuscles, 
in  small  number,  other  cellular  el(>ments  and  fibrin.  Louco{)rotease 
appears  to  be  chiefly  concerned  with  the  digestion  of  protein  particles, 
such  as  bacteria  engulfed  by  the  polynuclear  leucocytes.  The  mononu- 
clear phagocytes  which  accumulate  during  the  later  stage  of  an  in- 
flammatory reaction  which  is  proceeding  toward  recovery  digest  within 
their  substance  polynuclear  leucocytes,  red  blood  corpuscles  and  other 
cells.  This  phenomenon  occurs  not  only  at  the  site  of  infianiination 
but  in  the  sinuKes  of  the  regional  lymphatic  nodes  to  which  ci'llular 
elements  as  well  us  fluid  are  carried  by  way  of  the  lymphatics.  The 
ensymc  of  the  large;  mononuclear  phagocyte  resembles  the  autolytic 
enzymes  widcrly  (li«tributed  in  the  parenchymatous  tissues  and  is 
doubtless  capable  of  causing  autolysis  and  final  disappearance  of  the 
macrophage  under  suit  ablf>  conditions.  It  is  often  assumed  that  uutoly- 
•ia  of  the  exudaUMs  cauHitd  by  the  leucoprotease  of  polynucU'ar  leuco* 
e3rtes  but  the  corrcctncHs  of  this  view  has  not  \u'v\\  established. 
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When  experimental  pleurisy  is  produced  by  intrapleural  injection 
of  a  sterile  inflammatory  irritant  such  as  turpentine,  serum  accumulates 
and  fibrin  is  deposited  on  the  pleural  surfaces.  Accumulation  of  fluid 
reaches  a  maximum  after  3  or  4  days  and  subsequently  fluid  rapidly 
subsides  so  that  it  has  disappeared  after  6  or  7  days.  Reactions  show- 
ing the  presense  of  peptone  and  albuminoses  were  obtained  by  Opie 
(83)  on  and  after  the  third  day.  Leucoprotease  was  present  in  the 
fibrin  which  was  removed  from  the  cavity  during  the  first  few  days  of 
inflammation  and  perhaps  at  this  period  had  a  part  in  causing  its  solu- 
tion but  later  at  a  time  when  fluid  had  disappeared  from  the  cavity  this 
enzyme  was  no  longer  demonstrable  and  the  fibrin  which  in  diminish- 
ing amount  was  present  in  the  pleural  cavity  during  the  next  five  or 
more  days  underwent  autolysis  only  in  the  presence  of  weak  acid. 
Final  disappearance  of  fibrin  is  evidently  brought  about  by  an  enzj^me 
which  has  the  characters  of  lympho-protease  and  resembles  the  autoly- 
tic  enzymes  of  the  tissues.  It  is  difficult  to  determine  what  are  the 
factors  which  bring  this  enzyme  into  action.  It  is  noteworthy  that  the 
alkalinity  of  the  exudate  was  less  than  that  of  the  blood  and  diminished 
slightly  with  the  progress  of  the  inflammatory  reaction. 

When  an  inflammatory  reaction  is  of  such  intensity  that  leucocytes 
accumulate  in  immense  numbers  and  solution  of  tissue  and  of  fibrin 
occurs,  suppuration  is  established  and  resolution  with  restoration  to 
normal  is  no  longer  possible.  Opie  (82)  found  that  disintegration  of 
polynuclear  leucocytes  in  a  purulent  exudate  sets  free  leucoprotease  in 
quantity  sufficient  to  completely  overcome  the  anti-enzjone  of  the 
exuded  serum.  Both  the  whole  pus  and  its  fluid  part  separated  bj-- 
centrifugalization  from  the  pus  cells  was  now  capable  of  causing  pro- 
teolysis in  vitro.  The  proteolytic  activity  of  the  exudate  unrestrained 
by  anti-enzyme  explains  the  solvent  action  of  pus  for  injured  tissue  and 
fibrin.  An  inflammatory  irritant  such  as  turpentine  injected  into  the 
pleural  cavity  of  the  dog,  where  fluid  rich  in  anti-enzyme  readily  ac- 
cumulates, causes  a  serofibrinous  inflammation  which  undergoes  resolu- 
tion with  restoration  of  the  cavity  to  normal.  An  equal  quantity  of  the 
same  irritant  injected  into  the  subcutaneous  tissue  where  fluid  accumu- 
lates with  difficulty  causes  on  the  contrary  very  extensive  suppuration 
with  solution  of  tissue  and  healing  by  scar-formation. 

In  pus  produced  by  pyogenic  cocci,  for  example,  with  acute  peritoni- 
tis, E.  Miiller  and  Kolaczek  (75)  found  that  the  anti-enzyme  was 
"saturated"  by  enzyme  derived  from  leucocytes  which  had  undergone 
disintegration;  the  fluid  overlying  the  cells  after  centrifugalization 
exhibited  proteolytic  activity. 
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Since  the  normal  spinal  fluid,  unlike  other  body  fluids,  contains  neither 
enzjTne  nor  anti-enzjTne,  Dochez  (13)  has  studied  the  changes  which 
occur  with  inflammation.  With  epidemic  meningitis  anti-enzyme  may 
enter  the  spinal  fluid  but  quickly  leaves  it.  With  the  more  severe  in- 
flammation caused  by  pneumococcus  or  streptococcus  leucoprotease 
derived  from  disintegrating  polynuclear  leucocytes  gives  the  fluid 
proteolytic  activity  which  may  itself  act  as  an  irritant  and  increase  the 
severity  of  the  disease. 

In  the  exudates  from  acute  arthritis,  pleurisy,  and  wounds  of  war, 
E.  Zunz  (109)  at  La  Panne  in  Belgium  studied  the  relation  of  the  anti- 
proteolytic  propertj^  of  inflammatory  exudates  to  their  alkaline  reserve. 
The  fluid  was  separated  from  the  cells  of  the  exudate  and  the  quantity 
of  this  fluid  necessary  to  inhibit  a  standard  solution  of  trypsin  was 
determined  and  designated  the  antitryptic  index.  The  hydrogen  ion 
concentration  of  the  serum  entirely  freed  from  carbon  dioxide  was 
determined  by  the  method  of  Marriott.  The  tryptic  index  and  the 
alkaUne  reserve  of  serous  or  hemorrhagic  exudates  never  exceeded  and 
were  almost  always  less  than  those  of  the  blood  serum  of  the  same  in- 
dividual. The  fluid  from  purulent  exudates  did  not  usually  inhibit 
tryptic  digestion  and  on  the  contrary  digested  coagulated  egg  white  but 
occasionally  this  fluid  had  a  slight  antitryptic  action.  The  alkaline 
reserve  of  seropurulent  and  purulent  exudates  was  almost  always  less 
than  that  of  serous  exudates;  increase  of  alkaline  reserve  was  often 
parallel  witli  an  increase  in  the  number  of  leucocytes  and  a  diminution  of 
the  antitryptic  index  but  the  alkaline  reserve  tended  to  return  to  normal 
when  the  leucocytes  diminished  and  the  antitryptic  index  increased. 

In  serous  exudates  Zunz  has  found  that  diminution  of  complement  is 
often  parallel  with  diminution  of  antitryptic  activity  but  this  relation 
is  not  constant.  In  purulent  exudates  with  complete  or  almost  complete 
lo68  of  antitryptic  action  complement  has  disappeared.  Since  the 
enzyme  of  leucocytes  is  present  in  excess  the  observation  furnishes 
evidence,  were  more  needed,  to  show  that  coniplomoiit  (microcytaso)  and 
proteolytic  enzyme  of  leucocytes  an*  not  identical.  Upie  found  that 
opsonin  disappeared  from  an  inflammatory  exudate  when  it  became 
purulent.  It  is  probable  that  the  loss  of  these  bodies  is  referable  to  the 
action  of  unrestrained  enzyme. 

Pneumonia.  The  autolysis  of  the  consolidated  lung  of  lobar  pneu- 
monia was  studied  by  Friedrich  Midler  (77);  ulhunio.scs,  loucin,  tyrosin 
and  other  products  of  protein  diHlntrgration  were  formed  at  body  tem- 
perature and  nuclei  dlHupptrarrMJ  as  the  result  of  decomposition  of  neu- 
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cleins.  Flexner  (22)  found  that  autolysis  took  place  much  more  quickly 
and  perfectly  in  lungs  in  the  stage  of  gray  than  of  red  hepatization 
and  attributed  the  difference  to  the  greater  number  of  leucocytes  with 
gray  hepatization.  Autolysis  of  the  lung  in  instances  of  unresolved 
pneumonia  was  slow  and  incomplete. 

By  means  of  the  serum  plate  method  Lord  and  Nye  (64)  have  studied 
the  relation  of  enzyme  to  anti-enzyme  at  different  periods  of  the  disease. 
Sputum  and  exudate  obtained  at  autopsy  in  the  later  stages  of  lobar 
pneumonia  erode  the  serum  plate.  In  the  early  stage  of  the  disease 
proteolysis  does  not  occur  but  if  the  cellular  material  obtained  from  the 
exudate  is  separated  from  the  serum  which  accompanies  it  active 
digestion  occurs.  In  this  early  period  enzymes  are  inhibited  by  anti- 
enzymes.  The  author  suggests  that  excessive  impairment  of  circula- 
tion or  excess  of  enzyme  may  result  in  disintegration  of  the  pulmonary 
framework  and  abscess  formation  whereas  excess  of  anti-enzyme  may 
prevent  resolution. 

The  hydrogen  ion  concentration  favorable  to  the  action  of  proteolytic 
enzymes  contained  in  the  cells  derived  from  the  pneumonic  lung  has 
been  studied  by  Lord  (62)  and  by  Nye  (78) .  They  have  used  the  serum 
plate,  gelatin  and  peptone  as  substrate.  The  proteolytic  enzymes  are 
active  with  hydrogen  ion  concentrations  between  7.3  and  6.7  and  are 
inactive  with  higher,  that  is,  more  acid  concentrations.  Lord  found  an 
enzyme  which  splits  peptone  to  form  amino-acids;  it  acted  with  hydrogen 
ion  concentrations  between  8.0  and  4.8  but  was  most  active  between  6.3 
and  5.2.  He  suggests  that  there  is  a  gradual  increase  of  the  hydrogen 
ion  concentration  of  the  pneumonic  exudate;  the  proteolytic  enzyme  or 
enzymes  which  act  in  a  weakly  alkaline  and  weakly  acid  medium  are 
perhaps  inhibited  by  the  increasing  hydrogen  ion  concentration  but  the 
peptone  splitting  enzyme  is  further  activated  when  the  hydrogen  ion 
concentration  of  the  exudate  is  increased  to  the  range  of  its  optimum 
activity. 

In  the  blood  serum  of  patients  with  lobar  pneumonia  Ascoli  and  Bez- 
zola  (3),  using  the  casein  method  of  Fuld  and  Gross,  found  an  increase  of 
antitryptic  activity  in  the  earliest  stage  of  the  disease;  this  increase  is 
maintained  for  a  time  and  is  followed  by  a  decrease  which  occurs  after 
the  crisis.  They  have  suggested  that  these  changes  are  referable  to  a 
kinase  which  is  derived  from  leucocytes  and  activates  pancreatic  trypsin; 
upon  the  basis  of  this  speculation  increase  of  antitrypsin  is  regarded  as  a 
reaction  which  follows  the  liberation  of  kinase  by  disintegration  of  leu- 
cocytes in  the  pneumonic  exudate.     Using  the  serum  plate  method  to 
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test  the  strength  of  serum  anti-enzyme  for  enzyme  of  pus  cells  Bittorf 
(8)  found  decrease  of  anti-en  zjTnotic  activity  during  the  crisis  followed 
by  a  considerable  increase  immediately  after  crisis  and  subsequently 
return  to  normal. 

A  study  of  a,  the  antitrypsin  of  the  serum,  its  effect  upon  tryptic 
digestion  being  measured  by  Folin's  method  for  nitrogen  determina- 
tion; of  b,  serum  protease,  measured  by  autolysis  of  serum  after  treat- 
ment with  chloroform;  and  of  c,  non-coagulable  nitrogen-containing 
substances  of  the  blood,  has  been  made  by  Jobling,  Petersen  and  Egg- 
stein  (45).  They  find  that  the  crisis  of  pneumonia  is  usually  ac- 
companied by  1,  a.  decrease  of  the  serum  antiferment  which  before  the 
crisis  is  increased;  by  2,  a  mobilization  of  non-specific  protease  in  the 
serum ;  and  by  3,  a  decrease  in  the  non-coagulable  nitrogen  and  proteoses 
in  the  serum.  They  suggest  that  toxic  split  products  of  fibrin  and  of 
leucocytes  rather  than  toxic  products  of  the  pneumococcus  dominate 
the  symptomatology  of  lobar  pneumonia ;  crisis  is  perhaps  the  beginning 
of  active  autolysis  depending  upon  an  altered  relation  between  fer- 
ment and  antiferment  so  that  with  rapid  autolysis  toxic  materials  are 
destroyed. 

In  pneumonia  that  terminates  by  crisis  or  by  lysis  Petersen,  and 
Short  (89)  found  that  an  increase  of  ereptase  (peptidase,  erepsin) 
invariably  precedes  or  accompanies  the  change  of  clinical  symptoms  as- 
sociated with  crisis  or  lysis,  but  in  instances  in  which  death  occurs  the 
ereptase  in  the  serum  is  usually  less  than  that  in  the  serum  of  a  normal 
individual. 

Leucemia.  The  presence  of  incoagulable  albumose-like  substances 
in  leuccmic  blood  removed  from  the  body  after  death  was  recognized  by 
E.  Ludwig  (05).  Erben  (20)  found  that  peptone  and  albumoses  were 
not  present  in  the  blood  when  it  was  drawn  but  appeared  after  plasma 
and  leucocytes  separated  from  red  corpuscles  had  stood  in  the  incubator 
under  aseptic  conditions  during  three  days.  When  the  precipitate 
formed  by  treating  leucocytes  and  plasma  with  alcohol  was  dried  and 
extracted  with  glycerine  the  extract  digested  fibrin  but  lost  this  prop- 
erty when  boiled.  Normal  blood  and  blood  from  cases  of  lympiialic 
leucemia  did  not  undergo  the  change  found  with  spleno-myologenous 
leucemia.  In  cases  of  myelogenous  leuceinia,  Schuinm  (0:i)  domon- 
stratcd  that  products  of  proUiin  diHintcgiation  wore  not  present  in  Mu^ 
blood  when  it  was  removed  from  the  body  but  appeared  after  the  blood 
bad  boon  allowed  to  stand  under  chloroform.  He  alhihutcs  the  change 
to  a  prot<«olytic  cnzyinc. 
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E.  Miiller  and  Jochmann  (71)  showed  that  a  serum  plate  was  ex- 
cavated by  the  blood  of  myelogenous  leucemia  when  kept  at  55°C. 
The  blood  of  lymphatic  leucemia  did  not  produce  these  changes. 
Miiller  and  Jochmann  and  Eppenstein  (18)  showed  that  the  enzyme  was 
in  the  cells  of  the  blood  and  was  inhibited  by  the  serum. 

Using  the  serum  plate  method,  Jochmann  and  K.  Ziegler  (58)  found 
that  the  bone  marrow  and  spleen  from  cases  of  myeloid  leucemia  caused 
very  active  digestion;  Ij^mph  nodes  caused  digestion  in  proportion  to 
the  myeloid  transformation  which  they  had  undergone.  Bone  marrow 
of  normal  individuals  caused  active  digestion  of  the  serum  plate,  spleen 
caused  slight  digestion  and  lymph  node  none.  Organs  from  cases  of 
lymphatic  leucemia  and  pseudo-leucemia,  they  state,  cause  no  more 
digestion  than  those  from  normal  individuals. 

Studies  have  been  made  to  determine  if  the  large  basophile  cells  of 
acute  leucemia  contain  a  proteolytic  enzyme  similar  to  that  present  in 
the  myelocytes  of  myelogenous  leucemia.  In  a  case  designated  acute 
myeloid  leucemia,  K.  Ziegler  and  Jochmann  (108)  found  that  half  of 
the  nucleated  blood  cells  in  the  bone  marrow  and  spleen  were  pure 
basophile  cells  or  transitions  between  these  and  granular  myelocytes; 
these  tissues  caused  very  active  proteolysis  of  serum  plates,  Eppen- 
stein (19)  found  no  difference  in  enzymotic  activity  between  the  large 
lymphocytes  of  the  blood  from  a  case  of  acute  lymphatic  leucemia  and 
the  small  lymphocytes  from  the  chronic  type  of  the  disease.  Midler 
and  Jochmann  (74)  state  that  the  blood  cells  in  a  case  of  acute  lym- 
phatic leucemia  acted  upon  coagulated  blood  serum  in  the  same  manner 
as  polynuclear  leucocytes,  Longcope  and  Donhauser  (61)  studied  a  case 
classified  as  acute  lymphatic  leucemia  because  the  blood  contained 
large  mononuclear  cells  of  the  type  of  large  lymphocytes  with  abundant 
faintly  basophihc  usually  nongranular  cytoplasm.  Nevertheless  a  few 
neutraphilic  myelocytes  were  found  in  the  blood.  The  cells  from  the 
blood  drawn  during  life  and  from  lymphatic  nodes  obtained  at  autopsy 
caused  proteolysis,  measured  by  the  Kjeldahl  method,  in  an  alkaline 
medium,  and  in  this  respect  differed  from  the  small  lymphocytes  of 
chronic  lymphatic  leucemia  which  caused  no  digestion  and  from  the 
large  mononuclear  ("endothelial")  cells  of  a  hyperplastic  IjTuph  node 
which  digested  only  in  the  presence  of  acid. 

With  myelogenous  leucemia  Jochmann  and  Kantorowicz  (56)  and 
Wiens  (101)  found  no  definite  alteration  of  the  anti-enzyme  of  the  blood 
so  that  with  a  very  high  leucocytic  count  it  may  be  normal.  Wiens 
(102)  suggests  that  enzyme  set  free  by  destruction  of  granular  leucocytes 
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may  stimulate  formation  of  anti-enzyme  so  that  the  two  are  balanced. 
In  fatal  cases,  he  states,  there  may  be  a  loss  of  anti-enzyme  before 
death  so  that  the  sermn  may  cause  proteolysis. 

Tuberculosis.  Caseous  material  from  tuberculous  lesions  or  the 
lung  with  tuberculous  pneimionia  did  not  undergo  the  active  autolysis 
which  Friedrich  Miiller  (77)  observed  with  lobar  pneumonia.  Heile 
(29)  thought  that  the  failure  of  caseous  material  to  undergo  absorption 
was  due  to  absence  of  enzyme  rather  than  to  insolubility  of  caseous 
material.  He  found  that  the  contents  of  a  "  cold  abscess"  did  not  digest 
fibrin  but  after  injection  of  iodoform  in  glycerine  polynuclear  leucocytes 
appeared  and  the  exudate  now  dissolved  fibrin.  E.  Miiller  and  Joch- 
mann  (71)  found  that  fluid  from  a  "cold  abscess"  unlike  pus  of  acute 
inflammation  did  not  excavate  the  surface  of  serum  plates  incubated  at 
55°  to  60°C. 

The  presence  in  tuberculous  tissue  of  a  proteolytic  enzyme  digesting 
in  a  weakly  acid  medium  was  demonstrated  by  Opie  and  Barker  (85). 
This  enz>Tne  resembled  that  of  the  large  mononuclear  phagocytes  and 
digests  protein  more  actively  than  the  similar  enzyme  of  parenchymat- 
ous organs  such  as  the  liver.  The  presence  of  tubercles  within  the 
liver  increases  the  proteolytic  activity'  of  the  tissue  in  neutral  or  acid 
media.  These  observations  are  in  accord  with  the  well-known  histologi- 
cal characters  of  the  tubercle  which  in  great  part  consists  of  mononu- 
clear cells  capable  of  acting  as  phagocytes.  The  enzyme  of  tuberculous 
tissue  is  most  abundant  at  a  time  when  caseation  is  beginning  but  with 
advance  of  caseation  its  activity  diminishes  and  with  complete  casea- 
tion total  disappearance  of  enzyme  seems  to  occur.  Leucoprotcasc 
digesting  protein  in  the  presence  of  an  alkaline  reaction  was  found  only 
when  the  tuberculous  tissue  was  first  fonned  and,  examined  micro- 
scopically, was  found  to  contain  some  polynuclear  leucocytes. 

No  autolysis  of  caseous  material  from  Ijmph  nodes  first  dried  and 
ground  and  then  susi)on(lod  in  water  was  foimd  by  Jobling  and  Petersen 
(36)  unleHH  the  tulxMCulous  nodes  had  l)ecome  secondarily  infected. 
When  the  lymph  nodes  were  infected,  autolysis  occurred  in  the  presence 
of  alkaline  and  of  acid  n^action  but  was  much  more  active  in  the  latter 
instanco.  Affected  nreas  in  luiigs  witli  (rascous  pnomonia  were  freed  as 
much  as  possible  from  less  involved  lung  tissues,  dried,  ground,  sus- 
pended in  water  and  Kuhjoctod  to  autolysis.  The;  authors  assume  that 
the  caseous  maU>rinl  was  not  completely  frov.d  from  inflammatory  (exu- 
date. Autolysis  was  active  in  the  presence'  of  acid  but  absent  when  the 
medium  was  alkaline.  With  the  piiri)(>se  of  rcmoviDg  inhibiting  siib- 
Stanoes  from  the  material  under  e.xamination  .)(>))ling  and   rcterscn 
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first  treated  some  of  it  with  acidified  alcohol,  centrifugalized,  washed 
with  alcohol  and  ether  and  dried.  It  then  underwent  autolysis  in  the 
presence  of  an  alkaline  reaction.  The  authors  do  not  discuss  the  origin 
of  this  enzyme  which,  like  leucoprotease,  acts  in  an  alkaline  medium, 
and  do  not  appear  to  have  examined  the  tuberculous  lung  tissue  to 
determine  if  it  was  secondarily  infected  with  pyogenic  microorganisms 
or  contained  poly  nuclear  leucocytes. 

From  the  bodies  of  tubercle  bacilli  Jobling  and  Petersen  (35)  have 
obtained  an  extract  which  inhibits  the  action  of  trypsin  and  of  leuco- 
protease. An  extract  of  tubercle  bacilli  made  with  ether  and  alcohol 
did  not  inhibit  and  an  extract  was  prepared  as  follows :  the  ether-alcohol 
extract  was  dissolved  in  ether,  precipitated  with  acetone,  evaporated  to 
dryness  and  saponified  with  alcoholic  potash;  the  resulting  soap  was 
dissolved  in  water  and  repeatedly  extracted  with  petroleum  ether, 
treated  with  hydrochloric  acid  to  liberate  fatty  acid,  taken  up  with  ether, 
washed  with  water  and  resaponified.  An  antitryptic  agent  was  obtained. 
Though  the  soap  obtained  had  a  lower  iodine  value  than  soaps  previ- 
ously prepared  from  linseed,  olive  and  cod  liver  oils,  it  had  a  greater 
inhibiting  activity.  This  inhibiting  action  was  lost  when  the  soap  was 
saturated  with  iodine.  The  same  observers  have  extracted  from  case- 
ous material  of  tuberculous  lymph  nodes  and  of  the  lung  with  caseous 
pneumonia,  inhibiting  agents  with  similar  characters.  They  believe 
that  these  observations  explain  the  failure  of  caseous  material  to  undergo 
disintegration  through  the  action  of  phagocytes  or  by  autolysis  but  they 
do  not  assume  that  the  inhibiting  agent  is  wholly  derived  from  the  tuber- 
cle bacillus  for  they  suggest  that  autolysis  of  the  necrotic  material  of 
an  anemic  infarct  is  prevented  by  similar  factors. 

It  is  noteworthy  that  the  observations  which  show  that  soaps  of 
unsaturated  fatty  acids  are  anti-enzymotic  agents  have  reference  to 
trypsin  and  to  leucoprotease.  There  has  been  no  suggestion  that 
trypsin  is  present  and  it  is  well  known  that  polynuclear  leucocytes  in 
the  absence  of  secondary  infection  are  an  inconspicuous  constituent 
of  tuberculous  tissue  and  are  not  usually  found  in  or  about  a  caseous 
focus  or  an  anemic  infarct.  Jobling  and  Petersen  (41)  have  assembled 
evidence  to  show  that  potassium  iodide  which  in  moderate  doses,  they 
find,  diminishes  the  antitryptic  activity  of  the  blood  serum,  hastens  the 
softening  of  caseous  material.  A  similar  explanation  is  offered  to 
explain  the  absorption  of  syphilitic  gumma  caused  by  potassium  iodide. 
Nevertheless  there  are  no  observations  to  show  that  enzymes  such  as 
leucoprotease  which  are  inhibited  by  the  anti-enzyme  of  the  blood  serum 
are  concerned  in  the  absorption  of  the  tubercle  or  of  the  gumma. 
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THE  PHYSIOLOGY  OF  CREATINE  AND  CREATININE 

ANDREW  HUNTER 
The  Department  of  Biochemistry,  University  of  Toronto 

Creatine  is  a-methylguanidine-acetic  acid,  or  methylglycocyamine, 
and  may  accordingly  be  looked  upon  as  a  derivative  primarily  of 
acetic  acid,  or  of  glycocoll,  sarcosine  (methylglycocoll),  guanidine, 
methylguanidine,  or  glycocyamine  (guanidine-acetic  acid).  From  the 
standpoint  of  purely  animal  biochemistry  one  of  its  most  distinguishing 
structural  characteristics  is  its  N-methyl  radicle,  which  brings  it  into 
relation  with  the  betaines  and  with  choline.  Its  guanidine  group,  on 
the  other  hand,  suggests  a  connection  with  arginine,  the  only  known 
derivative  of  guanidine  among  the  products  of  protein  hydrolysis. 

Creatinine,  2-imido-5-keto-3-methyl-tetrahydroimidazole,  or  methyl- 
glycocyamidine,  is  the  internal  anhydride  of  creatine,  to  which  there- 
fore it  is  related  in  the  same  way  as  glycocyamidine  to  glycocj^amine. 
The  ring  resulting  from  the  loss  of  a  water  molecule  is  built  upon  the 
imidazole  Cor  glyoxaline)  nucleus,  so  that  creatinine  possesses,  besides 
the  relations  dependent  upon  its  derivation  from  creatine,  others  with 
such  biochemically  important  imidazole  derivatives  as  histidine  and  the 
purines.  Among  the  latter  guanine,  2-amino-6-oxypurine,  may  claim 
a  two-fold  connection  with  creatinine,  for  in  addition  to  the  imidazole 
nucleus  common  to  every  purine  its  structure  includes,  as  part  of  its 
P3rrimidinc  complex,  a  guanidine  residue. 

The  structural  interrelationships  of  the  compounds  mentioned  are 
made  obvious  in  the  accompanying  formulae: 

NH,  NH CO 

NH  -  C  NH  -  C 

N(Cn.) .  CH,  •  CXX)H  N(CH,)  -  CH, 

Creatine  Creatinine 

^rr,  NH  -  CO 

NH,  / 


N-n.c/  N«-^ 


NH  -  C  \ 

\h.ch..cooh  „,      »"'-<="■ 

_,  ,  Olycocyainidino 

Oiyoooyamine 
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HN  =  C 
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NH, 


HN  =  C 


NH, 


HC 


NH-  CH 


NH2 
Guanidine 

NH2  •  CH2  •  COOH 
Glycocoll 

NH(CH8)-CH2.COOH 
Sarcosine 

HO-N(CH3)3-CH2-COOH 
GlycocoU-betaine 

HO  •  N(CH,)3  •  CH2  •  CH2OH 
Choline 


NH  •  CH3 
Methylguanidine 


N   -    CH 

Imidazole 

CO-NH 

i  I 

NH-C        C    =NH 


HC 
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HC 
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N   -   C    -NH 

Guanine 
NH-CH 


N    -    C-CH2-CH(NHj)-C00H 
Histidine 


NH  =  C 
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NH, 


\ 
NH  •  CH,  •  CH, .  CH,  •  CH(NH,)  •  COOH 

Arginine 

Of  the  chemical  properties  of  creatinine  and  creatine  two  are  of 
special  importance  from  the  point  of  view  of  the  biochemist. 

The  first  is  the  power  of  creatinine  to  react  with  alkaline  sodium 
picrate  with  the  formation  of  an  intensely  red  reduction  product, 
probably  sodium  picramate.  Upon  this  reaction,  first  described  by 
Jaffe  (105),  Folin  (61)  based  a  colorimetric  method  for  the  determina- 
tion of  creatinine,  from  the  introduction  of  which  in  1904  all  sure 
progress  in  the  quantitative  study  of  creatine-creatinine  metaboUsm 
can  be  dated.  Fohn  (61),  (64)  further  utilized  the  reaction  in  a  method 
for  the  indirect  determination  of  creatine,  involving  its  conversion  into 
creatinine  by  heating  under  suitable  conditions  (see  below)  with  an 
acid.  In  their  original  form  these  methods  were  adapted  only  to  the 
determination  of  relative^  considerable  quantities  of  ''total"  or  pre- 
formed creatinine,  -but  they  have  been  variously  modified,  by  Folin 
himself  and  by  others,  so  as  to  be  applicable  to  the  analysis  of  very 
small  volumes  or  very  great  dilutions  of  urine  (184),  (67),  or  to  the 
determination  of  creatine  and  creatinine  in  muscle  (160),  (184),  (68), 
(12),  (145),  (107),  (14),  (15),  blood  (184),  (68),  (148),  (214),  (51), 
(79)  (71),  tissues  generally  (184),  (68)  and  milk  (68).     The  original  pro- 
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cedure  for  the  conversion  of  creatine  to  creatinine  has  also  received 
various  modifications  (169),  (67),  (27),  (13),  (83).  While  the  applica- 
tion of  these  methods  is  by  no  means  free  from  possible  errors  and 
fallacies,  they  have  constituted,  as  a  whole,  one  of  the  most  useful 
and  convenient  weapons  of  biochemical  research  ever  forged. 

The  second  important  property'-  of  creatine  and  creatinine  is  the 
readiness  of  each  to  undergo,  under  appropriate  conditions,  a  trans- 
formation into  the  other.  In  alkaline  media  the  transformation  is 
mutual,  reversible  and  fairly  rapid.  Thus  in  N/10  NaOH  a  0.3S  per 
cent  creatine  solution  reaches  equiUbrium  in  about  2  days  at  26°,  and 
contains  then  about  0.1  per  cent  of  creatinine  (82).     The  determination 

Icreatmel    \ 

of  the  equilibrium  constant  (K  =  t^ .   .  '     )  is  rendered  difficult  by 

[creatininej/ 

the  fact  that  alkalis  bring  about  also  a  gradual  decomposition  of  creat- 
inine ;  but  it  has  been  estimated  indirectly  to  have  approximately  the 
value  2.12  (82).  In  a  pure  aqueous  solution  at  36°  equilibrium  is 
attained  only  after  11  months  (147),  but  in  2U  hours  at  98°  (83);  the 
molecular  ratio  of  creatine  to  creatinine  is  then  only  0.4  (82).  In 
acid  solutions  the  equiUbrium  point  is  so  far  on  the  side  of  creatinine — a 
fact  to  be  explained  by  the  greater  basicity  of  that  substance  (82) — 
that  the  reaction  is  practically  irreversible;  in  other  words  acids  convert 
creatine  completely  into  creatinine,  but  leave  the  latter  unaffected. 
The  velocity  of  the  conversion,  for  any  given  concentration  of  creatine, 
depends  on  the  temperature  and  on  the  concentration  of  hydrogen  ions. 
In  normal  HCl  the  change,  for  small  concentrations  of  creatine,  is 
complete  in  15  days  at  26°,  and  within  24  hours  at  60°  (82),  (83);  in 
N/2  HCl  it  takes  about  3  hours  at  98°  (64),  and  15  minutes  at  117°  (25). 

Biological  distribution  of  creatine  and  creatinine.  Creatine 
and  creatinine  arc  known  with  certainty  only  as  products  of  the  meta- 
bolinm  of  vertebrates.  Reports  of  the  presence  of  creatinine  in  the 
culture  motUa  of  bacteria  (10),  (75),  (60),  (178),  (179),  (137),  or,  along 
with  creatine,  in  the  tissues  of  Abalone,  a  mollusc  (8),  are  based  as  yet 
only  upon  imfwrfectly  specific  color  reactions. 

Creatinine  in  a  constant  constituent  of  the  urine  of  mamniuls,  occupy- 
ing as  a  rule  a  place  among  tlu*  organic  nitrogenous  cataholitcs  siu'oiid 
in  quantitative  importance  only  to  that  of  urea.  In  the  urine  of  birds 
it  in  relatively  less  abundant,  being  replaced  there  largely,  altiiough 
apparently  not  entirely,  by  creatine  (156),  (196).  Reptiles  appear 
in  thJH  respect  to  reoemble  birds  (124).  Tlu^  meager  data  available 
rcgnrcUng fishee  (44),  (46)8eem  toputelaflmobnmclis  with  flio  mMinmals, 
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teleosts  with  the  birds.  The  position  of  the  amphibia  is  unknown;  van 
der  Heyde  (89)  could  find  neither  creatinine  nor  creatine  in  the  urine 
of  hibernating  frogs.  Most  adult  mammals — ruminants  forming,  it 
would  seem,  an  exception  (153) — excrete  under  normal  circumstances 
either  no  creatine  at  all  or  only  irregular  traces. 

Creatinine  is  believed  to  occur  also,  although  in  minute  quantities 
only,  in  the  tissues  and  fluids  of  the  body.  Typical  examples  of  the 
concentrations  which  have  been  reported  will  be  found  in  table  1. 
The  data  are  derived  entirely  from  micro-analytical  applications  of 
the  Folin  method,  and  are  undoubtedly  subject  to  considerable  error 
(102),  (214),  (79).  In  the  particular  case  of  blood  Behre  and  Benedict 
(20)  have  indeed  recently  produced  evidence  tending  to  show  that  the 
error  of  the  determination  greatly  exceeds  any  possible  quantity  of 
creatinine  that  might  be  present.  Their  findings  should  probably  be 
regarded  as  still  requiring  confirmation;  but  if  they  should  prove  to 
be  correct  for  blood,  grave  doubt  will  be  thrown  upon  the  supposed 
concentration,  and  even  the  existence,  of  creatinine  in  other  tissues 
also.  For  the  present  the  creatinine  figures  of  table  1  will  be  assumed 
to  possess  at  least  a  relative  value;  but  it  must  be  recognized  that  any 
conclusion  of  which  they  form  an  essential  premise  lies  under  some 
suspicion. 

Creatine  is  a  characteristic  component  of  certain  special  tissues,  and 
is  possibly,  as  indicated  again  by  the  quantitative  data  of  table  1,  not 
altogether  lacking  in  any.  Its  presence  has  been  unequivocally  demon- 
strated, either  by  actual  isolation  in  substance  or  by  production,  after 
dehydration,  of  the  characteristic  creatinine  zinc  chloride,  in  the  cases  of 
striated  muscle  of  the  vertebrates  generally  (including  mammals,  birds, 
amphibians,  fishes,  and  the  lamprey),  of  mammalian  heart  muscle,  of 
brain  (21),  and  of  the  blood  as  a  whole  (20).  It  has  been  shown,  by 
the  same  criterion,  that  blood  serum  contains  certainly  either  creatine 
or  creatinine  or  both  (121).  For  the  other  tissues  named  in  table  1 
(including,  as  far  as  I  have  been  able  to  discover,  the  smooth  muscles  of 
vertebrates)  the  evidence  for  the  occurrence  of  creatine  is  limited  to 
the  positive  outcome  of  the  Jaffe  test  after  treatment  of  the  tissue  or 
its  extract  with  acids.  "Where  this  test  indicates  really  notable  quanti- 
ties of  creatine,  as  with  the  testis,  it  is  perhaps  justifiable  to  assume  that 
actual  creatine  could  be  obtained  from  the  tissue  if  anyone  took  the 
trouble  to  seek  it ;  but  where  its  reported  concentration  is  as  low  as  it  is 
with  smooth  muscle  and  with  the  majority  of  the  non-muscular  tissues, 
a  certain  amount  of  scepticism  regarding  its  presence  is  excusable. 
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TABLE  1 

Creatine  and  creatinine  content  of  tissues 

(Mgm.  per  100  gm.) 


Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striates! 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 
Striated 


muscle 

muscle 

muscle 

muscle 

muscle  (white), 
muscle  (red). . . 
muscle 


muscle 

muscle 

muscle 

muscle 

muscle 

muscle 

muscle 

muscle , . 

muscle  (fetal).. . 

muscle 

muscle 

muscle 

muscle 

muscle 

muscle  (breast)'. 

muscle  (leg) 

muscle 

muscle 

muscle 

muscle 

muscle 

muscle 

muscle. .  . 
muscle. . 


Cardiac  muRcIc 

Cardiao  muscle  (fetal). 

Cardiac  muiclo 

Cardiac  muHclc. 

Cardiac  muscle 

Cardiac  munclc — 
Cardiac  muscle. . . 
Cardiac  muscle 


Man  (adult) 
Man  (If  j'ears) 
Man  (at  birth) 
Rabbit 
Rabbit 
Rabbit 

Rabbit  (adult) 
Rabbit  (39  days) 
Rabbit  (19  days) 
Rabbit  (9  days) 
Rabbit  (7  days) 
Rabbit  (fetal) 
Cat 

Pig 

Ox 

Ox 

Sheep 

Horse 

Dog 

Guinea  pig 

Rat 

Hen 

Hen 

Frog 

Turtle 

Skate 

Cod 

Carp 

Shark 

Phycis 

Lamprey 

Ox 

0.\ 

Dog 

Cat 

Rabbit 

Sheep 

Hon 

Turtle 


CREA- 
TINE 


CREATININE      AUTHORITY 


393-430 

331 

190 
494-540 
40^578 
277-380 

430 

390 

316 

228 

191 
Trace 
421-580 
364-410 
421-530 
26-290 
406-419 
376-395 
408-488 

370 

470 
40&-481 
348-368 
364-399 
236-339 

280 

350 

421 

665 

295-313 

290 

240-255 
31-54 
210-327 
221-333 
18a  291 
208-a39 
106-190 
70-109 


10.0-11.5 


3.4-  9.2 


2.3-  8.0 


10.3-12.7 


5.0-15.6 


5.0-  5.3 
1.6-  1.9 


77 
134 


(184) 

(46) 

(168) 

(140) 

(159) 

(159) 

(133) 
^  (133) 

(133) 

(133) 

(133) 

(133) 
(69)  (70) 

(21) 
(21)  (184) 
(21) 
(93) 
(93) 
(69)  (184) 

(133) 

(140) 
(35)  (140) 
(35)  (140) 

(175) 
(69) 

(133) 

(133) 

(151) 

(161) 
(35) 

(133) 

(21) 
(21) 
(69) 
(69) 
(69) 
(69) 
(69) 
(00) 


PHYSIOLOGY   OF   CREATINE   AND    CREATININE 


591 


TABLE  l—Conclxided 


Smooth  muscle 

Uterus 

Uterus  (at  term) 

Uterus 

Uterus  (at  term) 

Uterus  (post-partum) 

Colon 

Small  intestine 

Gizzard 

Bladder 

Brain 

Brain 

Testis 

Testis 

Testis 

Liver 

Pancreas 

Kidney 

Spleen 

Thyroid 

Thymus 

Blood 

Blood 

Milk 

Milk 


Cow 

Cow 

Human 

Human 

Human 

Rabbit 

Rabbit 

Goose 

Ox 

Dog 

Ox 

Bull 

Dog 

Sheep 

Dog 

Ox 

Ox 

Dog 

Calf 

Calf 

Man 
Hen 

Cow 
Human 


CREA- 
TINE 

CKEATIXINB 

35-50 

98-104 

52 

89 

51 

36 

27 

70 

99-130 

108 

103 

195 

181 

209-215 

21-28 

2.8 

14r-23 

14-20 

15-23 

4.0  (Cat) 

13 

1.1 

11 

2.1^.9 

0.7-  1.3 

11 

0.1 

2.0-2.6 

1.0-  1.5 

1.9-3.9 

1.0-  1.6 

ACTHOBITT 


(21) 
(21) 
(21) 
(21) 
(21) 
(21) 
(21) 
(156) 
(35) 

(107) 

(107) 

(14) 

(107) 

(14) 

(14)  (184) 

(21) 

(21) 

(21)  (140) 

(21)  (140) 

(21) 

(103) 
(69a) 

(53) 
(54) 


Table  1  includes  not  by  any  means  all  the  data  to  be  found  in  the 
literature  upon  the  creatine  content  of  tissues,  but  such  a  selection  as 
may  illustrate  the  chief  pecuUarities  of  its  distribution.  It  will  be 
seen  that  while  noteworthy  concentrations  of  creatine  are  to  be  found 
in  the  brain,  the  testes  and  the  gravid  uterus,  with  quantities  greater 
still  in  the  myocardium,  no  other  tissue  contains  so  high  a  percentage 
as  voluntary  muscle.  Taking  into  account  the  average  relative  mass 
of  the  different  organs.  Burger  (32)  has  calculated  that  about  98  per 
cent  of  all  the  creatine  in  the  human  body  is  carried  by  the  muscles, 
and  about  three  fourths  of  the  small  remainder  by  the  brain. 

The  creatine  concentration  of  the  muscles  of  a  given  species,  among 
individuals  chosen  at  random,  varies  within  limits  that  are  frequently 
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rather  wide;  but  there  are  cases  like  that  of  the  rabbit  (140),  (164) 
where,  as  the  consequence  perhaps  of  uniform  conditions  of  feeding  and 
environment,  the  muscle  creatine  has  been  found  to  be  very  nearly  a 
constant.  The  variability,  such  as  it  is,  does  not  obscure  the  fact 
that  there  is  a  certain  average  concentration  of  creatine  fairly  char- 
acteristic for  each  species. 

The  figures  reproduced  furnish  evidence  for  some  other  interesting 
generalizations.  The  creatine  content  of  muscle  is  not  the  same  at  all 
ages,  but  rises  steadily  during  fetal  and  post  natal  growth  till  it  attains 
the  maximum  characteristic  of  the  adult.  There  is  more  creatine  in 
the  quickly  contracting  pale  muscle  than  in  the  slowly  contracting  red, 
a  difference  exhibited  alike  by  mammal  and  by  bird.  The  muscle 
creatine  of  warm-blooded  animals  is  generally  speaking  higher  than  that 
of  the  more  sluggish  cold-blooded,  although  some  of  the  data  for  fish 
supply  striking  exceptions.  Smooth  muscle  has  a  very  much  lower 
concentration  of  creatine  than  striped;  and  the  gravid  uterus  a  higher 
one  than  the  non-gravid.  All  these  facts  point  in  one  direction.  They 
indicate  very  strongly  that  creatine  is  a  substance  with  a  useful  func- 
tion, a  function  in  some  way  connected  with  that  capacity  for  rapid  and 
powerful  contraction  which  is  the  most  important  property  of  striated 
vertebrate  muscle. 

Creatinine  as  a  catabolite.  Whatever  the  r6le  of  creatine  may  be, 
there  is  no  doubt  that  creatinine  is  a  mere  waste  product.  This  is 
demonstrated  by  the  fact  that  when  it  is  administered  to  animals, 
whether  parenterally  (202),  (143),  (176),  (126)  or  by  mouth  (93),  (64), 
(94),  (216),  (72),  (202),  (176),  (172),  (74),  the  greater  part,  up  to  80  per 
cent  or  more,  is  promptly  excreted.  The  missing  20  per  cent  or  so  has 
in  some  instances  been  traced  to  the  muscles,  where  it  has  doubtless 
undergone  the  reversible  transformation  into  creatine  (143).  None 
of  it  is  ever  converted  within  the  body  into  urea  or  ammonia  (64),  (70), 
(172)  or  other  known  product  of  further  degradation.  Not  only  there- 
fore is  creatinine  a  waste  material,  but  it  is  a  terminal  and  not  merely  an 
intermediate  product  of  catabolisra. 

The  daily  output  of  this  waste  product,  upon  a  diet  free  from  either 
creatine  or  creatinine  itHclf,  is  for  each  individual  a  i)ra('tically  constant 
quantity,  entirely  independent  of  the  amount  of  protein  in  the  food,  or 
of  the  total  nitroK(;n  cutabolism,  or  of  variations  in  the  volume  of  the 
urine.  Tljin  Htriking  and  fundamental  law  of  metabolisin,  the  diHCovery 
of  which  con«titutcH  the  real  starting  point  of  modern  advance  in  the 
physiology  of  creatinine,  was  first  announced  in  1905  by  Folin  (02),  and 
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has  been  fully  confirmed  by  many  later  investigators  (93),  (43),  (109), 
(181),  (177).  The  "constancy"  of  the  daily  output  is  of  course  not 
absolute.  It  would  appear  from  data  scattered  throughout  the  litera- 
ture that  the  day  to  day  variations  may  even  amount  to  20  or  25  per 
cent;  but  they  do  not  often  exceed  10  per  cent,  and  are  often  for  long 
periods  together  very  much  less.  In  any  case  they  bear  no  relation  to 
nitrogen  output  or  diuresis. 

According  to  Shaffer  (182)  the  rate  of  elimination  is  uniform  not 
only  from  day  to  day  but  even  from  hour  to  hour.  The  data  of  Klercker 
(109),  Hoogenhuyze  and  Verploegh  (95),  (94),  and  Neuwirth  (150) 
show  no  such  regularity;  and  Schulz  (177),  who  collected  his  own  urine 
in  two-hour  periods  for  many  consecutive  days,  found  periodic  varia- 
tions with  definite  maxima,  persistent  even  during  fasting,  at  9-11 
a.m.,  3-5  p.m.  and  9-11  p.m.  Schulz's  data  show  also  that  the  average 
of  the  night  hours  is  lower  than  the  average  for  the  day.  His  observa- 
tions were  limited  to  one  individual  and  it  is  not  certain  that  they  can 
be  generalized.  The  lower  rate  of  elimination  during  the  night  has 
been  observed  by  Powis  and  Raper  (162)  and  by  Campbell  and  Webster 
(36),  and  is  generally  evident  in  the  extensive  data  of  Hoogenhuyze 
and  Verploegh. 

While  the  daily  creatinine  output  is  approximately  a  constant  for 
the  individual,  it  varies  decidedly  from  one  individual  to  another. 
Folin  (62)  recognized  that  the  variations  stood  in  some  relation  to  the 
weight  of  the  subject,  and  Shaffer  (182)  introduced  the  practice  of 
expressing  this  relation  by  means  of  the  "creatinine  coefficient" — the 
number  of  milligrams  of  creatinine  (or  creatinine  nitrogen)  excreted 
daily  per  kilogram  of  body  weight.  This  coefficient,  expressed  in 
terms  of  creatinine,  varies  in  "strictly  normal"  human  adults  of  the 
male  sex  from  18  to  32  (182) ;  though  possibly  the  lower  limit  of  normaUty 
should  be  reduced  to  15.  In  normal  women  the  figures  have  the 
decidedly  lower  range  of  9  to  26,  averaging  only  15.6  (203) ;  it  is  proba- 
ble, as  Shaffer  thought,  that  this  is  not  an  effect  of  sex  in  itself,  for  in- 
dividual women  whose  muscles  have  been  developed  by  g>^mnastic 
training  have  coefficients  comparable  with  those  of  men  (203) .  Infants 
and  children  have  lower  coefficients  still;  6.7  to  10  at  10  to  14  days  (9), 
and  9  to  17  at  5  to  13  years  (118).  The  considerable  range  of  the 
figures  in  every  group  shows  that  the  relation  between  creatinine  output 
and  total  body  weight  is  not  one  of  strict  proportionality.  What  other 
factors  intervene  will  be  considered  presently. 
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Metabolic  significance  of  urinary  creatinine.  The  constancy 
of  the  creatinine  output  and  its  utter  lack  of  relation  to  the  total  pro- 
tein metabolism  were  interpreted  by  Folin  (63)  as  indicating  that 
creatinine  is  the  product  of  a  special  quantitatively  unvarying  form  of 
protein  metabolism,  described  as  constituting  an  "essential  part  of  the 
activity  which  distinguishes  living  cells  from  dead  ones,"  named 
"tissue  or  endogenous  metabolism,"  and  sharply  diiferentiated  from  the 
variable  "exogenous"  metabolism  of  the  food  protein.  Apparently 
this  special  type  of  metabolism  was  conceived  of  as  taking  place  in  all 
the  li\ing  protoplasm  of  the  body.  Differences  in  the  creatinine  co- 
efficient were  ascribed  to  differences  in  adiposity,  that  is,  to  differences 
in  the  relative  amount  of  metabolically  inert  substance  in  the  body; 
and  the  conclusion  was  implied,  if  not  expressly  drawn,  that  the  creati- 
nine output  depends  on  the  mass  of  active  protoplasmic  tissue.  In  his 
latest  exposition  of  his  views  (70)  Folin,  indeed,  states  positively  that 
he  regards  creatinine  as  an  "index  or  measure  of  the  total  normal  tissue 
metaboUsm." 

In  its  main  point,  the  idea  of  creatinine  as  the  product  of  a  special 
tissue  metabolism  and  as  having  no  relation  to  the  catabolism  of  food 
protein,  this  conception  has  met  with  practically  universal  acceptance. 
In  its  details  it  has  been  variously  modified.  Shaffer  (182)  showed 
that  there  is  a  close  parallelism  between  the  creatinine  coefficient  of  the 
individual  and  his  muscular  development,  strength,  or  "efficiency." 
He  suggested  therefore  that  creatinine  "is  derived  from,  and  an  index 
of,  not  the  total  tissue  or  endogenous  catabolism,  but  of  one  special 
process  of  this  catabolism,"  taking  place  "largely  if  not  wholly  in  the 
muscles,"  upon  the  intensity  of  which  depends  "the  muscular  efficiency 
of  the  individual."  Similar  views  were  expressed  by  Spriggs  (186). 
There  is  of  course  an  obvious  probability  that  the  production  of  creati- 
nine should  take  place  mainly  in  the  tissue  which  is  richest  in  crea- 
tine; but  Shaffer's  conclusions  were  reached  independently  of  this 
consideration. 

There  are  certain  developments  of  Shaffer's  view  in  which  the  direct 
derivation  of  creatinine  from  niusclo  creatine  is  taken  as  granted  or 
proved.  The  first  of  these  is  the  hypothesis  of  Pekelharing  and  Iloogen- 
huyse  (160),  which  attempts  to  define  more  precisely  than  Shaffer  did 
the  relation  between  creatine  or  creatinine  and  nmscular  "tone."  On 
this  hypothesis  the  chemical  transformations  involved  in  the  main- 
tenance of  tonus  are  considered  to  be  entirely  different  from  those  asso- 
ciated with  the  rapid  tetanic  contractions  of  voluntary  movement;  while 
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the  latter  consist  preeminently  in  the  oxidation  of  carbohydrate,  the 
former  are  thought  to  include  changes  of  nitrogenous  material  and  in 
particular  the  formation  of  creatine.  The  output  of  creatinine  is 
therefore  determined  by  the  state  of  tone  of  the  muscular  system. 

This  theory  was  supported  by  a  great  deal  of  experimental  evidence 
tending  to  show  that  muscles  in  a  state  of  "tonic"  contraction,  brought 
about  in  a  great  variety  of  ways,  gained  in  creatine,  and  that  sustained 
contraction  or  "tonus"  such  as  is  involved  in  the  maintenance  of  the 
Prussian  military  posture  is  accompanied,  in  contrast  with  ordinary 
muscular  effort,  by  an  increased  output  of  creatinine  (161).  It  may  be 
questioned  whether  all  the  forms  of  continuous  contraction  studied  by 
Pekelharing  and  Hoogenhuyze  were  examples  of  exaggerated  "tonus" 
in  the  strict  sense  of  the  term.  In  any  case  Brown  and  Cathcart  (31) 
obtained  comparable  increases  of  creatine  in  frog  muscles  stimulated 
to  contract  in  the  ordinary  way,  and  Schulz  (177)  failed  to  confirm  the 
alleged  special  effect  upon  creatinine  output  of  sustained  contraction 
in  man.  It  is  more  than  doubtful  therefore  whether  the  distinction 
drawn  between  the  chemical  mechanism  of  tonus  and  that  of  voluntary 
contractions  can  be  taken  as  established.  Some  relation,  we  have  seen 
already,  probably  does  exist  between  the  functional  efficiency  of  striped 
muscle  (one  factor  in  the  maintenance  of  which  is  tonus)  and  its  creatine 
content;  but  as  far  as  the  evidence  goes  it  is  just  as  likely  that  tonus  is 
dependent  on  creatine,  as  that  creatine  and  creatinine  are  products  of 
tonus. 

The  theory  just  discussed  has  this  in  common  with  that  of  Shaffer 
that  it  makes  urinary  creatinine  an  index  of  muscular  tone.  According 
to  Myers  and  Fine  (140)  it  is  simply  an  index  of  muscle  creatine.  In  a 
manner  this  is  a  synthesis  of  the  two  precedent  hypotheses,  which 
somewhat  to  its  advantage  leaves  open  the  question  of  the  significance 
of  the  creatine.  Myers  and  Fine  observed  that  there  is  an  approximate 
proportionality  between  the  creatine  concentration  in  the  muscles 
(or  entire  body)  of  an  animal  and  its  creatinine  coefficient.  Thus  the 
average  creatinine  coefficients  of  the  rabbit,  man  and  dog  are  respec- 
tively 38.4,  24.2  and  22.5;  the  average  percentages  of  creatine  in  the 
muscles  of  these  animals  are,  in  the  same  order,  0.52,  0.39  and  0.37. 
The  coefficients  stand  in  the  ratio  1.7  :  1.07  :  1.0;  the  creatine  con- 
centrations in  the  ratio  1.4  :  1.05  :  1.0.  Comparison  of  different  indi- 
viduals within  a  single  species  leads  to  a  similar  result:  for  5 rabbits, 
with  coefficients  between  36  and  37,  the  average  concentration  of 
creatine  in  the  entire  body  was  0.170  per  cent;  for  5  others  with  co- 
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efficients  of  38  to  41  (average  40.3),  the  average  creatine  percentage 
was  0.193.  These  parallehsms  strongly  suggest  that  there  is  a  constant 
relation  between  the  total  amount  of  creatine  in  the  body  (or,  what  for 
all  practical  purposes  is  the  same,  in  the  muscles)  and  the  amount  of 
creatinine  in  the  daily  urine.  Direct  observations  upon  a  series  of 
12  rabbits  showed  a  total  body  creatine  ranging  from  4.317  to  0.947 
grams  with  a  creatinine  output  of  99.9  to  19.2  mgm.,  while  the  ratio  of 
the  two  lay  between  the  comparatively  narrow  limits  of  43.2  and  53.3 
— in  five  cases  out  of  the  twelve  between  44.4  and  45.  It  would  appear 
therefore  that  animals  with  a  high  creatinine  ehmination,  whatever  may 
be  their  creatinine  coefficient,  do  actually  have  a  correspondingly  high 
body  content  of  creatine.  All  these  correlations  Myers  and  Fine 
interpret  as  indicating  that  urinary  creatinine  and  muscle  creatine  are 
intimately  related  in  metabolism,  that  the  former  takes  origin  either 
from  the  latter  or  from  some  common  precursor,  and  that  the  relative 
constanc}'  of  muscle  creatine  in  the  normal  animal  affords  an  immediate 
explanation  of  the  uniform  rate  at  which  creatinine  is  eliminated  in 
the  urine. 

There  are  many  flaws  in  this  argument,  which  has  been  severely 
criticised  by  Benedict  and  Osterberg  (28);  but  the  case  which  Myers 
and  Fine  make  out  is  none  the  less  a  rather  strong  one.  The  apparent 
demonstration  of  a  relation,  quite  independent  of  body  weight  and 
creatinine  coefficient,  between  urinary  creatinine  and  total  body 
creatine  is  especially  to  the  point.  The  thesis  has  the  merit  of  simplicity, 
and  there  are  no  known  facts  utterly  incompatible  with  it.  It  has 
apparently  been  adopted  by  Shaffer  (184)  as  consistent  with,  and 
complementary  to,  his  own  theory. "  It  leaves  of  course  unexplained 
the  cause  and  meaning  of  the  relative  constancy,  in  individual  and 
species,  of  mu.scle  creatine. 

Since  all  but  2  per  cent  or  so  of  the  body's  creatine  is  in  the  muscles, 
it  is  an  obvious  corollary  of  the  above  theory  that,  so  long  as  the  muscles 
are  in  a  normal  state  (i.e.,  possess  a  normal  creatine  content),  urinary 
creatinine  is  determined  by  muscle  mass,  and  that  conversely,  if  once 
we  ascertained  for  ;ui\-  simcIcs  llic  factor  coiuiocMng  them,  iho  mass  of 
an  animal's  mus(  l<  (duM  Ix*  cHlculHtcd  from  its  (*reHtinin(^  output. 
This  deduction  \\  >  inilc  by  Myers  and  Fine  themselves,  but,  wisely 
perhapH,  they  attcmpii  I  un  pniclical  applic'ilion  of  it.  Biirgcr  (32)  has 
recently  ventured  a  (•.ilculation  which  would  indicate  that  I  gram  of 
urinary  creatinine  i)cr  day  corresponds  in  man  to  22.9  kgm.  of  normal 
muscle.    He  is  on  surer  Krotmd  when  he  points  out  that,  if  creatinine  is 
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an  index  of  muscle  creatine,  the  creatinine  coefficient  becomes  under 
physiological  conditions  an  index  of,  and  indeed  proportional  to,  the 
participation  of  the  muscles  in  the  body  weight.  The  fact  that  clini- 
cally, as  he  shows,  the  coefficient,  in  the  absence  of  disturbing  factors, 
does  vary  in  a  regular  way  with  the  apparent  predominance  of  the 
muscles,  lends  a  certain  amount  of  support  to  the  theory. 

Origin  of  creatinine.  It  was  impossible  to  discuss  the  metabolic 
significance  of  the  urinary  creatinine  without  touching  upon  its  origin; 
but  in  some  respects  this  may  be  treated  as  an  independent  problem. 

It  was  at  one  time  believed  that  creatine  was  readily  and  largely 
transformed  in  the  body  into  creatinine,  and  the  direct  derivation  of  the 
latter  from  the  former  was  therefore  practically  taken  for  granted. 
When  FoUn  in  1906  (64)  undertook,  by  the  aid  of  his  newly  developed 
colorimetric  method,  a  study  of  the  fate  of  ingested  creatine,  these 
beliefs  were  for  the  first  time  seriously  disturbed.  The  essential  data  of 
three  of  Folin's  experiments  are  reproduced  in  table  2.  (In  this  table 
all  reported  figures  for  creatine  have  been  converted  into  terms  of  the 
anhydrous  substance  as  such,  and  a  calculation  has  been  made  of  the 
amount  not  accounted  for  in  the  urine  as  either  creatine  or  creatinine; 
this  is  reported  under  the  heading  of  ''creatine  retained. ")  The  results, 
as  illustrated,  may  be  stated  thus:  a,  creatine  administration  led  to 
no  increase  of  creatinine  output;  b,  with  doses  of  about  5  grams  a 
certain  amount  of  creatine  was  usually  excreted  unaltered,  the  propor- 
tion so  eliminated  being  greater  upon  a  high  than  a  low  protein  diet; 

c,  with  small  doses  (1  gram  or  thereabout)  no  creatine  at  all  reappeared; 

d,  in  no  case  was  there  any  increase  in  urea  or,  it  may  be  said,  in  am- 
monia, or  (except  once)  in  the  undetermined  nitrogen  of  the  urine. 

Such  results,  entirely  at  variance  with  prevailing  notions,  led  Folin  to 
conclude  that  the  organism  does  not  possess  the  power  of  converting 
creatine  into  creatinine,  that  these  two  substances  are  quite  independent 
of  each  other  in  metabolism,  and  that  creatine  is  not,  like  creatinine, 
a  waste  product,  but  a  food. 

The  observation  that  creatine  introduced  from  without  may  be 
partly  excreted  unchanged,  but  is  usually  to  a  large  extent  or  even 
altogether  retained  within  the  organism,  has  been  repeatedly  confirmed, 
for  animals  as  well  as  men,  and  not  only  for  oral  (109),  (94),  (216), 
(122),  (161a),  (72),  (202),  (118),  (176),  (144),  (172),  (74),  (76),  but  for 
parenteral  administration  (120),  (160),  (202),  (143),  (176),  (126). 
That  none  of  it  is  ever  converted  into  creatinine  has  been  shown  to  be 
an  error  (94),  (160),  (202),  (72),  (143),  (176),  (144),  (172),  (126).     If 
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the  dose  given  is  large  enough,  the  increased  output  of  creatinine  is 
unmistakable.  This  is  strikinglj^  shown  by  two  experiments  of 
Rose  and  Dimmitt  (172),  one  of  which  is  reproduced  in  table  2;  it  will 
be  seen  that  in  this  particular  case  even  1  gram  of  creatine  produced  a 
slight  increase  of  creatinine,  while  with  20  grams  the  output  rose  to 
36  per  cent  above  the  endogenous  level.     It  may  be  said  that  in  the 

TABLE  2 

Fate  of  ingested  creatine 


CREATINE  GIVEN 

TOTAL 

N 

tJRBA 

N 

CREATI- 
NINE 

EXTRA 
CREATI- 
NINE 

CREA- 
TINE 
EX- 
CRETED 

CREA- 
TINE 
RE- 
TAINED 

AUTHOR 

grariu 

gratm 

5.49 

grams 

4.18 

grams 

1.33 

grams 

grams 

grams 

0.97 

5.39 
3.99 

3.89 

3.91 
2.80 

2.39 

1.33 
1.34 

1.83 

0 

0 

0.97 

Folin 

4.4  (1  dose) 

3.67 
3.76 

19.88 

1.83 
2.30 

16.44 

1.69 
1.80 

1.53 

0 

0.84 

3.56 

Folin 

4.4  (3  doses) 

21.70 
20.16 

11.05 
10.92 
10.42 

17.69 
16.96 

1.53 
1.37 

1.35 
1.29 
1.35 

0 

2.34 

2.06 

Folin 

1 

10.41 

1.45 

0.10 

0.09 

0.79 

2 

10.58 

1.51 

0.16 

0.13 

1.68 

5 

11.48 

1.59 

0.24 

1.81 

2.91 

Rose  and 

10 

12.83 

1.61 

0.26 

5.81 

3.88 

Dimmitt 

10 

13.78 

1.69 

0.34 

5.90 

3.70 

20 

16.86 

1.83 

0.48 

16.10 

4.34 

11.64 

1.67 

0.32 

0.41 

9.87 

1.61 

0.20 

11.07 

1.61 

0.26 

10.40 

1.62 

0.17 

Other  exporimont  of  Rose  and  Dimmitt.  where  uroa  determinations 
were  made,  there  woh  no  evidence,  oven  after  20  grams  of  creatine  had 
been  given,  that  any  of  it  waH  converted  in  the  body  into  urea  or  am- 
monia. On  this  point  Folin'.s  concrlunion  is  fully  substantiated.  Crea- 
tine therefore  is  not  Hul>j<'ct  in  metabolism  to  any  catabolic  "destruc- 
tion/' other  than  by  convcrHion  into  creatinine. 
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The  demonstration  that  exogenous  creatine  is  partly  transformed  into 
creatinine  may  not  by  itself  prove  that  endogenous  creatinine  has  its 
origin  in  body  creatine,  but  it  disposes  of  the  only  experimental  evi- 
dence irreconcilable  with  such  an  idea.  The  extent  of  the  transforma- 
tion is  admittedly  small — roughly  5  per  cent  of  the  ingested  creatine; 
but  it  may  be  questioned  if  there  is  any  real  reason  for  expecting  it  to 
be  greater.  The  amount  of  creatinine  produced  will  depend  in  the 
first  place  on  the  active  mass  of  the  creatine  at  the  place  where  dehydra- 
tion occurs.  There  is  no  way  of  teUing  what  that  "active  mass"  is;  but 
let  it  be  assumed  that  it  is  constituted  by  the  total  creatine  of  the 
muscles,  that  the  muscles  are  the  sole  seat  of  the  reaction,  and  that 
accordingly  only  that  portion  of  the  ingested  creatine  which  is  incor- 
porated in  the  muscle  substance  can  contribute  to  the  formation  of 
creatinine.  When  creatine  is  introduced  from  without  the  muscles  are 
offered  an  excess  of  a  special  tissue  component,  of  which  they  already  as 
a  rule  have  a  sufficient  supply;  small  doses  they  may  be  able  to  absorb 
completely,  but  of  a  large  dose  much  will  be  rejected,  will  on  the  assump- 
tion made  never  enter  the  metaboUc  circle,  and  will  accordingly  be 
excreted  unchanged.  Now  the  total  creatine  of  the  muscles  amounts, 
for  an  average  man,  to  about  112  grams  (32).  If  that  quantity  be 
increased  by  the  addition  of  1  gram  of  ingested  and  retained  creatine, 
it  need  not  surprise  us  that  the  effect  upon  the  creatinine  output  is 
imperceptible.  In  the  second  of  Rose  and  Dimmitt's  experiments 
(not  reproduced  in  the  table)  the  amount  retained  out  of  20  grams  was 
only  5.7,  which  is  the  largest  retention  ever  recorded  for  a  single  day's 
experiment.  If  all  of  this  were  added  to  112  grams  it  would  mean  an 
increase  of  about  5  per  cent.  The  increase  of  urinary  creatinine  actually 
observed  was  about  0.3  gram;  small  as  it  is,  it  represents  an  excess  of 
18.5  per  cent  over  the  endogenous  output,  and  is  therefore  more  than 
one  is  forced  to  expect.  The  argument,  as  stated,  involves  several 
unverifiable  assumptions,  and  in  a  quantitative  sense  deals  with  the 
crudest  approximations;  but  in  its  main  outline  it  is  probably  perfectly 
sound. 

The  opinion  that  creatinine  is  derived  from  muscle  creatine  is  sup- 
ported by  the  observation  (184),  (145),  (70)  that  muscle  contains  more 
free  creatinine  than  any  other  tissue,  and  more  than  the  blood  which 
passes  through  it  (see  table  1);  as  well  as  by  the  accelerated  and  pro- 
bably enzymatic  transformation  of  creatine  into  creatinine,  without 
loss  of  total  creatinine,  which  takes  place  in  muscles  or  muscle  extracts 
after  death  (147),  (84).     The  first  of  these  points  has  its  force  rather 
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weakened  by  recent  evidence  tending  to  show  that  blood  contains  no 
creatinine  at  all  (20),  and  the  second  by  the  fact  that  the  muscles  of 
birds,  which  are  said  to  excrete  creatine  in  place  of  creatinine,  show 
the  same  changes  upon  autolysis  as  those  of  mammals  (147).  It  may 
be  admitted,  therefore,  that  no  single  point  in  the  evidence,  not  even 
the  partial  transformation  in  the  body  of  creatine  into  creatinine, 
demonstrates  in  a  clear  cut  fashion  the  origin  in  normal  metabolism  of 
creatinine  from  creatine.  Yet,  when  the  entire  body  of  evidence,  in- 
cluding the  apparent  relations  between  muscle  mass  or  muscle  creatine 
and  urinary  creatinine  or  creatinine  coefficient,  is  passed  in  review,  and 
when  it  is  considered  that  the  actual  ability  of  the  body  to  convert 
ingested  creatine  into  creatinine  is  no  longer  in  doubt,  it  is  easy  to 
understand  why  the  old  doctrine  of  the  origin  of  creatinine  from  crea- 
tine meets  again  today  with  practically  universal  acceptance. 

One  qualification,  however,  is  usually  present  in  the  minds  of  those 
who  subscribe  to  that  doctrine  (140),  (184).  The  "creatine"  of  the 
living  muscles  may  not  be  free  creatine.  There  is  indeed  some  difficulty 
in  beheving  that  it  is  free,  for  it  is  present  in  a  concentration  very  much 
higher  than  that  in  the  blood  and  yet  the  muscles  are  able  to  take  up 
still  more  creatine  from  the  circulation  (70).  It  would  seem  therefore 
that  the  creatine  must  be  held  in  the  muscles  by  some  special  attractive 
force,  cither  chemical  or  physical.  This  leads  to  the  idea  of  a  "  croatine- 
containing  complex, "  and  it  is  possibly  some  such  complex,  rather  than 
creatine  itself,  which  is  to  be  regarded  as  the  actual  precursor  of  creati- 
nine. Whether  in  metabolism  this  creatinc-complox,  if  it  exists,  is  to  be 
thought  of  as  first  yielding  creatine,  which  thereupon  is  transformed 
into  creatinine,  or  whether  it  yields  the  latter  directly,  is  not  very 
clear. 

The  second  of  these  alternatives  corresponds  with  the  hypothesis 
of  Folin  and  Denis  (70),  who  still  maintain  the  essential  independence  of 
creatine  and  crcjitinine;  l)ut  in  their  view  the  creatino-complox  is  nothing 
Hhort  of  the  living  protoplasm  itself.  The  creatine  of  inuscile,  they  think, 
iH  entirely  a  post-mortem  product.  The  metaboli.sm  of  living  prolo- 
pliiMin  given  riw»  directly  and  solely  to  crcjif  inine;  but  at  death  this  sanu^ 
protopliU4in,  in  niUHcle  at  least,  breaks  down  in  such  a  way  as  now  to 
tit)erute  creutino.  The  chief  difficulty  in  accepting  this  hypothesis  is 
tluit  it  iint>li('H  that  tin*  "dculh"  of  proloplasin  is  practically  an  instan- 
tan(!OUM  plicnoincnon;  for  no  matter  how  suddenly  an  animal  is  killed, 
how  rapidly  or  at  how  low  a  temp<!rature  its  muHcles  are  submitted  to 
extractioo,  one  obtairiM  practicttlly  the  maximum  yield  of  creatine  (158"^ 
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If  the  creatine  of  living  muscles  is  in  some  sort  of  combination  it  must 
be  a  combination  of  the  loosest  possible  kind.  The  case  is  not  very 
different  from  that  of  the  amino  acids.  These  also  accumulate  in  the 
tissues  from  lower  concentrations  in  the  blood  (210) ;  but  it  has  not  been 
suggested  that  they  therefore  become  an  integral  part  of  the  protoplasm, 
or  that  they  are  not  themselves  the  direct  precursors  of  urea.  Although 
doubtless  held  by  the  tissues  in  some  kind  of  loose  molecular  combina- 
tion the  amino  acids  behave  in  metabolism  as  if  perfectly  free.  Prob- 
ably the  creatine  of  muscle  may  be  regarded  as  doing  the  same. 

The    INFLUENCE    OF    MUSCULAR    WORK    UPON    CREATINE-CREATININE 

METABOLISM.  The  totttl  output  of  Creatinine  for  the  day  is  independent 
not  only  of  the  quantity  of  protein  in  the  diet,  but  also  of  the  amount 
of  ordinary  muscular  work  performed  (93),  (181).  This  appears  to  be 
true  even  when  the  diet  is  of  inadequate  energj'  value  (93).  Whether 
it  holds  during  a  complete  fast  appears  to  be  somewhat  uncertain;  the 
recent  experiments  of  Schulz  (177)  throw  some  doubt  on  the  conclusion 
drawn  (from  a  single  experiment)  by  Hoogenhuyze  and  Verploegh  (93) 
that  exercise  during  fasting  causes  a  considerable  rise  in  the  daily 
excretion  of  creatinine. 

It  does  not  follow  that  muscular  contractions  have  no  effect  at  all 
upon  creatine  metabolism.  An  effect  becomes  obvious  enough  when 
the  output  of  creatinine  is  measured  not  simply  day  by  day,  but  at 
intervals  as  short  as  two  hours.  It  is  then  found  (177)  that  the  output 
of  any  work  period  is  decidedly  and  invariably  greater  than  that  of  the 
corresponding  period  of  a  day  of  inactivity;  and  that  some  later  period 
(almost  always  the  one  immediately  following)  exhibits  with  equal 
regularity  an  output  unusually  low.  These  opposing  effects,  which 
are  not  noticeably  modified  by  fasting,  compensate  one  another  so 
closely  that  the  net  effect  upon  the  output  of  24  hours  is  negligible. 

The  temporarily  increased  creatinine  excretion  associated  with  work 
might  be  the  consequence  of  an  increased  production  of  creatine  within 
the  contracting  muscle,  or  of  an  accelerated  transformation  of  the 
creatine  already  there,  or  of  both  these  factors  operating  together. 
The  choice  between  these  possibihties  would  obviously  be  easier  if  we 
could  learn  by  direct  observation  of  the  muscle  itself  what  changes  in 
its  creatine  content  take  place  during  contraction.  Unfortunately  no 
unanimit.y  of  opinion  upon  this  point  has  yet  been  reached.  It  has 
been  reported  that  stimulation  of  isolated  frog  muscle  causes  an  increase 
of  total  creatinine  (31);  but  also  that  it  produces  no  effect  (159),  (175). 
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Stimulation  of  muscles  in  situ  with  the  circulation  of  the  blood  intact 
has  been  said  to  bring  about  a  decrease  in  the  frog  and  in  the  rabbit 
(31) ;  but  the  existence  of  any  effect  whatever  under  such  conditions  has 
been  denied  for  the  frog  (175)  and  the  cat  (199).  On  the  other  hand 
cats'  muscles  stimulated  in  place  after  hgature  of  the  main  artery  of  the 
limb  have  been  found  to  lose  on  the  average  6.3  per  cent  of  their  creatine 
(199).  If  all  the  experimental  data  merit  equal  confidence,  such  diver- 
gence of  result  can  have  but  one  meaning — that  in  the  experiments 
hitherto  undertaken  some  controlling  or  modifying  conditions  have 
been  overlooked.  One  cannot  but  be  reminded  in  this  connection  of 
the  perplexities  that  formerly  beset  the  problem  of  the  production  of 
lactic  acid  in  muscle;  and  it  seems  evident  enough  that  the  behaviour 
of  muscle  creatine  during  contraction  will  remain  obscure,  until  it  has 
been  studied  under  conditions  as  precisely  defined  and  as  fully  con- 
trolled as  were  those  affecting  lactic  acid  by  Fletcher  and  Hopkins. 
It  would  be  idle  to  speculate  upon  the  facts  as  at  present  imperfectly 
known.  One  quite  general  deduction  seems  to  be  all  that  is  justified; 
that  the  creatine  of  muscle  is  in  some  way,  directly  or  indirectly,  affected 
by  muscular  work.  When  the  precise  nature  of  the  relation  has  been 
elucidated,  we  may  be  able  to  explain  the  temporary  effects  of  work 
upon  urinary  creatinine. 

The  fate  of  retained  creatine  and  its  bearing  on  creatine 
METABOLISM.  We  havc  seen  that  when  creatine  is  introduced  from 
without  a  certain  amount  is  always  retained  in  the  body.  The  quantity 
which  may  be  so  retained  is  apparently  rather  limited,  since  even  when 
presented  with  as  much  as  20  grams  the  human  organism  has  not  been 
observed  to  keep  more  than  5.7  grams  (172).  It  is  of  interest  to  con- 
sider what  may  become  of  this. 

Since  it  is  certainly  not  destroyed,  two  possibilities  only  soem  to 
present  themselves.  Either  it  may  be  deposited  unchanged  in  the 
ti.ssues,  especially  in  the  muscles,  or  it  may  be  utilized  in  the  synthesis 
of  other  substances.  There  is  no  doubt  at  all  that  the  first  of  these 
alternatives  can  be  realized.  Folin  and  Denis  (70)  observed  rapid 
infreases  in  the  muscle  creatine  of  cats  who  were  absorbing  creatine 
from  the  intestine;  in  one  of  their  experiments  the  creatine  content  of 
the  muDclo  rose  26  [Mjr  cent.  Myers  and  Fine  (143)  were  able  in  this 
way  to  account  for  from  22  to  100  p(;r  cent  of  the  creatine  nMniiuxl  by 
rabbitfl  during  continued  subcutaneous  administration;  from  wlvich  it 
would  appear  even  that  the  whole  of  the  retained  creatine  may  some- 
times be  eimply  deposited  in  the  muscles. 
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If  creatinine  is  an  index  of  muscle  creatine,  an  increase  of  the  latter 
brought  about  by  the  retention  of  ingested  creatine  ought  to  be  reflected 
by  a  proportional  increase  in  the  output  of  creatinine,  not  only  during 
the  administration  of  the  creatine,  but  for  some  time  thereafter.  Such 
a  continued  elimination  of  extra  creatinine  is  not  infrequently  to  be 
detected  in  the  records  of  experiments.  A  striking  instance  is  seen  in 
the  experiment  of  Rose  and  Dimmitt  (172),  as  shown  in  table  2;  on  the 
fourth  day  after  the  last  dose  of  creatine  the  creatinine  was  still  decidedly 
above  its  normal  level.  The  converse  of  this  effect  is  possibly  repre- 
sented in  the  gradual  fall  of  creatinine  output  which  Ringer  and  Raiziss 
(166)  observed  to  follow  the  complete  withdrawal  of  creatine  from  the 
diet. 

During  the  six  days  of  creatine  feeding  in  the  experiment  of  Rose  and 
Dimmitt  the  total  amount  of  creatine  retained  was  over  17  grams.  Is 
it  possible  that  this  was  simply  added  as  such  to  the  store  of  creatine 
already  present  in  the  body?  As  the  subject  weighed  54  kgm.  his 
muscles  probablj^  contained  90  grams;  17  grams  more  would  mean  an 
increase  of  19  per  cent.  The  experiments  of  FoUn  and  Denis,  just 
quoted,  show  that  as  a  temporary  effect  such  an  increase  is  possible ;  as 
a  semi-permanent  one  it  hardly  seems  likely.  One  is  almost  forced 
to  assume  that  some  of  the  creatine  was  utilized  in  synthetic  processes. 
The  same  conclusion  is  indicated  by  the  figures  quoted  from  Myers  and 
Fine,  showing  that  even  when  the  gain  in  muscle  creatine  is  allowed 
for,  as  much  as  78  per  cent  of  the  creatine  retained  may  have  apparently 
disappeared. 

The  evidence  therefore  suggests  that  the  second  alternative  also  is 
sometimes  realized,  that  creatine  may  be  of  use  in  the  anabolic  pro- 
cesses of  the  body;  may,  as  FoUn  (64)  put  it  in  1906,  serve  as  a  food. 
In  what  manner  it  does  so  can  only  be  guessed.  Its  chemical  relation- 
ship to  choline  points  to  a  possible  use  in  the  synthesis  of  lecithine; 
by  its  guanidine  radicle  it  might  be  supposed  to  take  part  in  the  forma- 
tion of  arginine  (158).  If  Cathcart  (37)  is  right  in  holding  that  carbo- 
hydrate is  necessarj^  to  its  utilization,  while  fat  is  of  no  service,  the  latter 
supposition  would  be  the  more  probable. 

If  creatine  does  function  as  an  anabolite,  its  utilization  is  almost 
certainly  accomplished  entirely  in  the  muscles.  For  in  muscular  atro- 
phies or  dystrophies  90  per  cent  or  more  of  administered  creatine,  even 
of  small  doses,  appears  unchanged  in  the  urine  (122),  (76). 

Creatinuria.  While  the  urine  of  the  adult  male  on  a  creatine-free 
diet  contains  no  creatine,  that  substance  is  a  normal  and  constant 
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associate  of  creatinine  in  the  urine  of  children  of  either  sex  up  to  the 
age  of  pubert^^  In  women  also  creatinuria  is  a  physiological  occurrence 
although  only  an  intermittent  one.  Both  in  men  and  in  women 
creatinuria  may  be  induced  or  increased  by  a  great  variety  of  experi- 
mental or  pathological  conditions.  The  lower  mammals  behave  in 
these  respects  very  much  Hke  the  human  species,  but  exhibit  still  more 
readily  both  the  spontaneous  and  the  induced  varieties  of  creatinuria. 
Ruminants  (cattle,  sheep  and  goats),  for  example,  regularly  excrete 
considerable  quantities  of  creatine  (153). 

The  most  important  forms  of  induced  creatinuria  are  those  produced 
by  starvation,  carbohydrate  deprivation  (including  diabetes  mellitus, 
pancreatic  diabetes,  and  poisoning  by  phlorhizin,  hydrazine  (127),  (205), 
adrenalin  (204)  or  sodium  selenite  (41)  ),  wasting  diseases  generally, 
exophthalmic  goiter  (182),  (48),  fever  (109),  (182),  (183),  muscular 
atrophies  and  dystrophies  (122),  (76)  and  perhaps  acidosis.  As  it 
would  be  impossible  to  consider  every  one  of  these  conditions,  dis- 
cussion will  be  limited  to  those  bearing  most  directly  upon  the  physio- 
logical problem. 

Creatinuria  of  starvation  and  carbohydrate  deprivation.  The  fact  that 
complete  fasting  usually  brings  about  an  excretion  of  creatine  was  first 
observed  almost  simultaneously  by  Cathcart  (37)  and  F.  G.  Benedict 
(22),  (23)  in  man,  and  by  Dorner  (55)  in  the  rabbit.  Many  others 
have  since  confirmed  the  observation  for  these  species  (98),  (26),  (135), 
(141)  or  extended  it  to  others  like  the  dog  (205),  (163),  (97),  (99),  (100), 
sheep  (101),  pig  (188)  and  guinea  pig  (155).  In  many  of  the  reported 
observations,  the  disturbing  effect  of  the  concomitant  ketonuria  upon  the 
analysis  (78),  (77),  (29)  has  been  unrecognized  or  disregarded,  but  the 
creatinuria  is  nevertheless  a  real  one  (40),  (138),  and  the  only  uncertainty 
with  which  the  data  are  sometimes  affected  is  a  quantitative  one. 

Different  individuals  and  different  species  vary  in  the  rapidity  with 
which  fasting  creatinuria  sets  in,  and  in  th(^  intensity  which  it  assumes. 
In  the  pig  it  is  Hoinetinies  iinpossibU;  to  produce  a  starvation  creatinuria 
at  all  (130),  (188).  Even  the  dog  may  at  certain  stages  of  a  prolonged 
fast  excrete  no  creatine  (100).  Such  diffcreiices  depend  no  doubt  upon 
differenoCH  in  the  nutritive  condition  of  the  animal  at  the  coinineiu'e- 
mcnt  of  the  fast  (135),  or  upon  its  relative  ability  to  utilize  fat  in  shield- 
ing the  tissues  from  diHintegration  (l.'iO). 

The  creatine  output  duritig  starvation  bears  no  constant  relation 
to  either  the  total  nitrogen  or  the  creatinine  nitrogen.  Sometimes 
there  ie  obeerved  a  paralleliHm  or  even  a  Rtrict  proportionality  between 
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total  nitrogen  and  "total"  creatinine  (135),  (141),  and  sometimes  the 
latter  maintains  an  almost  constant  value  throughout  the  fast,  as  if  to 
suggest  that  fasting  merely  diminishes  the  proportion  of  waste  creatine 
transformed  into  creatinine  (22) ;  but  neither  of  these  phenomena  is  a 
regular  occurrence  (218). 

Starvation  involves  the  consumption  by  the  organism  of  its  own 
protein,  probably  in  the  first  place  chiefly  the  "reserve"  or  "circulating" 
protein,  but  as  this  diminishes  an  increasing  proportion  also  of  the 
"tissue"  or  fully  organized  protein.  The  latter  must  be  furnished 
largely  by  the  muscles,  which  lose  42  per  cent  of  their  weight  in  a  dog 
starved  for  twenty-four  days.  As  the  muscle  disintegrates,  its  creatine, 
it  is  reasonable  to  suppose,  will  be  liberated.  Such  internally  hberated 
creatine  might  be  expected  to  behave  just  Hke  creatine  introduced  from 
without;  in  which  case,  since  the  starving  organism  is  living  on  a  fairly 
high  protein  level,  some  of  it  would  be  retained,  but  some  excreted 
unaltered.  The  retained  creatine  would  in  part  perhaps  be  utiUzed, 
in  part  simply  deposited  in  the  remaining  muscular  mass,  the  creatine 
content  of  which  is  actually  found  to  be  raised  during  the  earher  part 
of  a  fast  (136),  (141).  In  the  later  stages  of  starvation  creatine  for 
some  reason,  totally  unexplained  as  yet,  is  lost  even  from  that  muscle 
tissue  which  remains  apparently  intact  (97),  (141);  this  might  explain 
why  the  creatine  output  rises  disproportionately  towards  the  end  of  the 
fast  (100). 

The  direct  derivation  of  urinary  creatine  from  the  preformed  creatine 
of  muscle  was  suggested  by  F.  G.  Benedict  (22),  was  admitted  by  Mendel 
and  Rose  (135)  as  a  contributing  factor  in  hunger  creatinuria,  and  was 
definitely  adopted  by  Myers  and  Fine  (141)  as  a  complete  explanation 
of  that  phenomenon.  This  view  has  an  obvious  simplicity  in  its  favour 
which  would  make  one  loath  to  abandon  it  until  it  has  been  shown  to  be 
incompatible  with  the  facts.  It  is  supported  by  such  an  observation  as 
that  of  Frontali  (73)  who  found  that  the  marked  creatinuria  which 
follows  total  thyroidectomy  in  dogs  is  accompanied  by  (and  probably 
due  to)  a  verj'^  considerable  loss  of  creatine  from  the  muscles.  It  is  not 
invalidated  by  the  fact  that  the  amount  of  muscle  disintegrated,  as 
calculated  from  the  output  of  creatine,  does  not  often  agree  with  the 
amount  calculated  from  the  total  nitrogen  loss.  As  a  matter  of  fact 
muscle  loss  cannot  be  calculated  from  either  of  these  data.  The  nitro- 
gen of  the  urine  is  in  part  derived  from  sources,  such  as  reserve  protein  or 
organ  protein  like  that  of  liver,  which  yield  little  or  no  creatine,  a  factor 
which  would  make  the  proportion  of  creatine  to  total  nitrogen  lower  in 
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urine  than  in  muscle,  as  is  usually  the  case.  On  the  other  hand  the  protein 
nitrogen  of  the  disintegrated  muscle  may  be  only  in  part  excreted,  in 
part  utilized  in  more  essential  tissues  by  synthetic  processes  which  do 
not  involve  the  simultaneously  Uberated  creatine;  in  such  circumstances 
the  creatine  output  would  tend  to  outstrip  the  total  nitrogen,  as  it 
sometunes  actually  does  (99).  Paton  (156)  in  1910  not  onlj'-  pointed 
out  these  theoretical  possibiUties  but  attempted  to  illustrate  them  by 
experiments  upon  ducks  fasted  after  different  types  of  feeding  and 
starting  therefore  with  different  amounts  of  surplus  protein.  Still 
other  factors  disturbing  the  relation  between  total  nitrogen  and  creatine 
are  the  possible  retention  of  muscle  creatine,  suggested  above,  and  the 
selective  loss  of  creatine  from  muscle  tissue  which  seems  to  take  place 
in  the  terminal  stages  of  a  fast. 

Before  weighing  certain  objections  that  have  nevertheless  been  taken 
to  Myers'  and  Fine's  explanation  of  starvation  creatinuria,  it  is 
necessary  to  consider  some  other  aspects  of  the  phenomenon. 

In  1909  Cathcart  (38)  showed  that  the  creatinuria  of  starvation  was 
promptly  abolished  in  man  by  the  administration  of  a  practically  pro- 
tein-free carbohj'drate  diet,  but  not  (as  he  thought)  by  the  administra- 
tion of  fat  with  protein.  The  effect  of  carbohydrate  was  confirmed  by 
Mendel  and  Rose  (135)  for  rabbits,  and  by  Wolf  and  Osterberg  (218) 
for  dogs.  Cathcart  offered,  to  explain  his  results,  the  hypothesis  that 
creatine  is  produced  in  the  organism  in  considerable  amounts,  but  is 
normally  utilized  in  synthetic  processes  for  the  accomplishment  of 
which  carbohydrate  is  indispensable;  in  the  absence  of  sufficient  carbo- 
hydrate, as  in  starvation,  the  creatine,  which  cannot  now  be  utiUzed, 
is  excreted.  Mendel  and  Hose,  who  like  Cathcart  found  protein  and 
fat  to  be  ineffective,  agreed  that  carbohydrate  is  specifically  essential 
to  normal  creatine  metabolism,  but  suggested  that  it  might  be  con- 
cerned in  the  transformation  of  creatine  into  creatinine.  It  presently 
apptjarcd,  though,  that  the  effect  of  carbohydrate  in  preventing  inani- 
tion creatinuria  was  not  so  specific  as  had  been  thought.  Graham  and 
Poulton  (77)  showed  that  mere  deprivation  of  carbohydrate,  as  brought 
about  for  a  few  days  at  least  by  a  diet  of  fat  or  fat  with  protein,  does 
not  lead  to  an  excretion  of  creatine  in  man;  the  creatine  observed  by 
Cathcart  upon  such  diets  being  shown  to  be  probably  an  analytical 
error  duo  to  kotonuria.  Wolf  and  Osterberg  (218)  had  already  shown 
that  in  dogs  siTuin  protein  will  abolish  the  creatine  of  starvation  almost 
an  cflFectivnIy  as  starch;  and  Hose,  Dimniitt  and  '  mi  (171)  |)rovcd 

that  a  diet  of  eggs  (protein  wKh  fat)  will  do  tlu  .i.  ior  man.     in  the 
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pig  a  pure  fat  diet,  even  if  continued  for  a  long  period,  does  not  neces- 
sarily lead  to  creatinuria  (131),  nor  does  a  pure  starch  diet  necessarily 
prevent  it  (188).  The  effect  of  carbohydrate  therefore  is  neither 
unique  nor  certain.  It  is  possible  that  it  is,  as  Myers  and  Fine  suggest 
(142),  merely  one  phase  of  the  well  known  sparing  action  of  carbo- 
hydrate upon  protein  catabolism.  The  apparent  impossibihty  of 
aboHshing  starvation  creatinuria  by  fat  alone  (218)  may  be  due  partly 
to  its  relative  inefficacy  as  a  sparer  of  protein,  partly  to  the  acidosis 
which  it  induces,  partly  to  the  practical  difficulty  of  feeding  enough. 

There  are,  nevertheless,  certain  other  facts  which  are  believed  to 
speak  for  a  special  connection  between  creatine  metabolism  and  carbo- 
hydrate. If  the  body  tissues  are  deprived  of  carbohydrate  by  phlor- 
hizin  (39),  (114),  (115),  (217),  (135),  (28),  or  lose  the  abihty  to  utilize 
carbohydrate  as  in  diabetes  mellitus  (14),  (115),  (191)  or  pancreatic 
diabetes  (170),  creatine  is  invariably  excreted.  The  amounts  found 
appear  to  bear  an  intimate  relation  to  the  extent  to  which  carbohydrate 
is  actually  withdrawn  from  the  tissues;  in  phlorhizinized  starving  dogs 
they  become  relatively  enormous.  Of  course  the  conditions  named 
involve  not  merely  withdrawal  of  carbohydrate,  but  also  as  a  rule  a 
concomitantly  increased  catabolism  of  protein,  and,  as  far  as  the  data 
permit  one  to  judge,  the  creatinuria  seems  under  most  conditions 
to  run  parallel  with  the  latter  (39),  (217).  S.  R.  Benedict  and  Osterberg 
(28)  claim  to  have  shown  that  it  is  none  the  less  entirely  independent  of 
tissue  destruction ;  and,  as  their  observations  constitute  by  far  the  most 
formidable  difficulty  in  the  way  of  identifying  the  urinary  creatine  of 
starvation  or  carbohydrate  deficiency  with  preformed  creatine  set  free 
from  disintegrated  or  altered  muscular  tissue,  they  must  be  carefully 
considered. 

Benedict  and  Osterberg  found  that  it  was  possible  to  feed  to  fasting 
phlorhizinized  dogs  such  amounts  of  creatine-free  protein  as  would 
nearly  or  altogether  aboUsh  the  negative  nitrogen  balance.  They  argue 
thereupon  that  "if  the  creatine  of  the  urine  has  its  origin  in  the  destruc- 
tion of  muscular  tissue  .  .  .  .  ,  a  sparing  of  the  body  tissue 
destroyed  by  feeding  exogenous  protein  should  cause  a  corresponding 
fall  in  the  creatine  eUminated,  whereas  if  the  utilization  (or  destruction) 
of  creatine  be  dependent  upon  carbohydrate  utihzation,  the  ingestion 
of  exogenous  protein  in  the  phlorhizinized  dog  should  not  appreciably 
affect  the  output  of  creatine  in  the  urine."  The  experimental  results 
are  held  to  settle  quite  definitely  the  choice  between  these  alternatives. 
The  creatine  output,  it  is  claimed,  reveals  itself  as  totally  independent 
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of  the  state  of  the  nitrogen  balance.  "Creatine  may  be  eliminated 
in  the  urine  in  large  amounts  without  any  corresponding  loss  of  body 
tissue."  The  creatine  excreted  cannot  therefore  simply  represent 
preformed  muscle  creatine  liberated  by  the  dissolution  of  flesh. 
Creatine,  it  is  concluded,  must  be  constantly  "formed  in  the  animal 
organism  in  relatively  large  amounts,"  but  "is  normalty  for  the  most 
part  either  utilized  or  destroyed."  This  disposition  of  the  creatine  is 
dependent  upon  the  utilization  of  carbohydrate,  and  when  that  is 
impossible,  as  in  phlorhizinized  animals,  the  constant  production  of 
creatine  is  revealed  by  its  ehmination.  The  success  of  protein  in 
preventing  creatinuria  in  normal  dogs  is  attributed  to  its  capacity  for 
the  formation  of  glucose;  its  failure  in  phlorhizin  poisoning  to  the 
withdrawal  of  even  proteinogenous  glucose  from  the  tissues. 

It  is  doubtful  if  Benedict  and  Osterberg's  data  furnish  adequate 
proof  of  these  propositions.  They  demonstrate  at  the  utmost 
nothing  more  than  the  production,  independently  of  tissue  catabolism, 
of  notable  amounts  of  creatine  in  phlorhizinized  animals.  To  infer  a 
similar  extensive  production  in  normal  animals  is  hardly  justifiable. 
The  production  in  phlorhizin  poisoning  of  excessive  amounts  of  sugar 
from  protein  does  not  prove  that  the  metabolism  of  amino  acids  in  the 
normal  organism  necessarily  involves  the  intermediate  production  of 
glucose.  To  show,  by  a  drastic  interference  with  normal  metabolism, 
that  the  dog  possesses  the  capacity  to  form  more  creatine  than  it  can 
utilize,  does  not  prove  that  under  physiological  con(Uti()ns  it  exerts 
that  capacity  any  further  than  the  need  of  the  organism  for  creatine 
may  require.  The  results  of  Benedict  and  Osterberg  are  striking  and 
important,  and  must  be  seriously  reckoned  with;  but  to  the  writer  they 
seem  to  leave  still  open  the  questions  of  the  relation  between  starvation 
creatinuria  and  muscle  waste,  and  of  the  unique  imijortance  of  carbo- 
hydrate in  cretitine  metabolism.  Their  confirmation,  upon  |)ancreatec- 
tomized  dogs,  by  Hose  (170)  adds  of  course  nothing  (o  their  real 
sifcnificance. 

f  '•'■  :nl(ic(l  that  ("athcart,  if  the  writer  understands  him  correctly, 

ii  :  I'd  xjuicwhut  from  his  earlier  views,  and  now  regards  the  out- 
put of  creatine  in  conditions  of  carbohydrate  deficiency  not  so  much  as 
evidence  of  the  disturbance;  of  creatine  metal)()lism  per  ae,  but  rather 
"an  an  index  of  faulty  nietaboliHin  in  general"  (41),  (42);  and  he  seems 
inclined  to  relate  it,  Hoinetimes  at  least,  directly  tx)  the  creatin(>  con- 
tent of  the  muHCle  tifwue  (uitabolizinl  (41). 
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The  creatinuria  of  high  protein  feeding.  In  1912  Folin  and  Denis 
(65)  suggested  as  an  explanation  of  the  creatinuria  of  children  that 
it  is  due  to  an  excessively  high  level  of  protein  consumption  in  pro- 
portion to  muscular  mass;  but  McCollum  and  Steenbock  (130) 
appear  to  have  been  the  first  to  definitely  postulate  an  exogenous  as 
well  as  an  endogenous  origin  of  urinary  creatine,  and  to  produce  experi- 
mental evidence  in  its  support.  They  came  to  the  conclusion  that  not 
simply  the  plane  of  protein  intake,  but  the  character  of  the  proteins 
in  the  diet,  determines  the  extent  of  creatine  production.  They  found; 
for  example,  that  an  abundantly  fed  pig  receiving  five  times  its  endo- 
genous protein  requirement  in  the  form  of  linseed  and  gluten  meals 
excreted  regularly  considerable  quantities  of  creatine,  whereas  if  it 
received  the  same  quantity  of  protein  or  even  twice  as  much  from  com 
alone  the  urine  seldom  contained  any  creatine  at  all.  Steenbock  and 
Gross  (188)  have  more  recently  shown  that  in  fasting  pigs  the  adminis- 
tration of  casein  in  sufficient  amount  will  induce  creatinuria  when 
that  is  absent,  or  increase  it  when  already  present.  This  is  in  remark- 
able contrast  to  the  observed  inhibitory  effect  of  serum  or  egg  proteins 
upon  starvation  creatinuria  in  dogs  (218)  or  men  (171),  and  emphasizes 
the  probable  importance  of  the  kind  of  protein  fed. 

Further  evidence  for  an  exogenous  origin  of  urinary  creatine  has  been 
found  by  Denis  and  her  associates  in  the  facts,  a,  that  the  output  in  a 
variety  of  conditions  (exophthalmic  goiter,  childhood,  etc.)  appears  to 
bear  a  relation  to  the  meals  (always  creatine-free)  of  the  subject,  being 
very  much  smaller  at  night  than  during  the  day,  and  usually  attaining 
a  maximum  in  about  two  hours  after  the  substantial  meal  of  the  day 
(47),  (49);  b,  that  the  amount  of  creatine  excreted  by  cases  of  exoph- 
thalmic goiter  (male  or  female)  is  increased  by  high  protein  feeding  and 
decreased  or  reduced  to  zero  by  a  low  protein  diet  (48);  c,  that  the 
creatine  output  of  children  is  increased  by  a  diet  rich  in  protein,  and 
diminishes  or  even  disappears  upon  a  minimum  protein  intake  (49) ;  d, 
that  creatinuria  can  be  produced  in  adult  women  by  forced  protein 
feeding  and  made  to  disappear  again  by  lowering  the  protein  intake 
(50),  (52).  Gibson  and  Martin  (76),  again,  found  that  the  creatine 
output  in  pseudohypertrophic  muscular  dystrophy  is  intimately 
related  to  the  protein  intake,  their  data  being  of  particular  interest 
because  in  the  condition  named  ingested  creatine  is  excreted  quantita- 
tively, so  that  their  subject  was  practically  "diabetic  "as  regards  creatine. 
They  made  the  further  very  important  observation  that  it  is  only  the 
exogenous  protein  immediately  catabolized,  and  not  that  retained  for 
growth  that  affects  the  creatine  output. 
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The  view  that  creatine  may,  in  part  at  least,  have  an  exogenous 
origin  was  supported  by  Harding  and  Young  (85)  on  the  basis  of  data 
(as  yet  unpublished)  obtained  from  growing  puppies.  On  the  other 
hand  Powis  and  Raper  (162),  who  first  observed  the  periodic  variations 
in  the  creatine  output  of  children,  found  these  quite  unrelated  to  meals; 
Rose,  Dimmitt  and  Bartlett  (173)  were  unable  to  induce  creatinuria  in 
women  by  high  protein  feeding;  and  in  the  case  of  normal  men  it  has 
not  been  found  possible  to  bring  about  on  the  highest  attainable  plane 
of  protein  intake  (even  with  33  to  35  grams  of  nitrogen  in  the  urine) 
any  excretion  of  creatine  whatever  (50).  Such  failures  do  not  destroy 
the  significance  of  positive  observations;  but  they  emphasize  the 
difficulty  of  producing  creatinuria  by  protein  feeding  alone. 

It  is  of  course  an  apparent  inconsistency  that  protein  may  sometimes, 
as  when  fed  to  starving  dogs  or  men,  abolish  an  existing  creatinuria, 
and  sometimes,  as  in  the  experiments  of  Denis  and  her  collaborators, 
induce  one  where  it  was  absent.  If  it  is  true  that  only  that  protein  is 
effective  which  is  catabolized,  the  inconsistency  becomes  less  glaring; 
for  much  of  the  protein  fed  after  a  period  of  starvation  may  be  simply 
retained  in  the  body,  as  was  certainly  the  case  with  the  dogs  of  Wolf  and 
Osterberg  (218).  This  conception  may  also  explain  why  differently 
constituted  proteins  should  vary  in  their  effect.  The  data  for  the 
experiments  of  Denis  and  Minot  upon  women  (50)  do  not  permit  us  to 
calculate  exactly  the  nitrogen  balance,  but  as  their  diets  contained  a 
large  amount  (50  grams)  of  gelatin,  it  is  probable  that  the  proportion 
of  food  nitrogen  promptly  excreted  by  their  cases  was  relatively  high. 
This  may  account  for  the  difference  between  their  results  and  those  of 
Rose,  Dimmitt  and  Bartlett. 

Although  an  effect  of  food  protein  upon  creatine  production  appears 
to  have  been  fully  demonstrated,  this  is  not  necessarily  to  be  interpreted 
as  proving  an  exogenous  source  for  creatine,  in  the  sense  that  the  latter 
may  arise  directly,  like  urea,  from  certain  precursors  in  the  ingested 
protein  molecule.  Tlierc  may  be  another  explanation  of  the  phenome- 
non. It  may  represent  merely  one  phase  of  that  general  stimulation  of 
cellular  metabolism  which  is  described  as  the  specific  dynamic  action 
of  protein.  An  increased  endogenous  production  of  creatine,  resulting 
from  such  stimulation,  might  be  cxpo<;ted  to  manifest  itself  in  just  the 
sort  of  creatinviria  that  follows  protein  ingestion.  It  would  bo  brought 
about  only  by  catalwlized  protein,  sincrc  protein  depo.sited  in  the  form 
of  now  tissue  oxorts  no  Kpocific  dynamic  action  (125);  it  would  bo  at  its 
height,  as  Donis  aiul  Krruncr  found  it  to  be  (49),  during  the  second  and 
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third  hours  after  ingestion,  when  heat  production  has  reached  its 
maximum  but  the  output  of  urea  is  still  rising  (212) ;  and  it  would  occur 
most  readily  in  those  conditions  where  the  metabolism  is  already  rela- 
tively high,  as  in  exophthalmic  goiter,  or  in  childhood.  Such  an 
explanation  of  the  creatinuria  following  a  high  protein  diet  seems  there- 
fore to  be  well  worthy  of  consideration.  Protein  feeding  will  increase 
also  the  output  of  uric  acid;  but  no  one  has  sought  the  origin  of  uric 
acid  directly  in  the  protein  of  the  diet.  Le\vis,  Dunn  and  Doisy  (123) 
have  shown  reason  to  beHeve  that  proteins  and  amino-acids  increase 
the  production  of  endogenous  uric  acid  by  virtue  of  their  general 
property  of  stimulating  aU  cellular  metabolism;  it  does  not  seem  im- 
probable that  they  should  simultaneously  increase  the  production  of 
endogenous  creatine. 

Creatinuria  in  children.  The  fact  that  normal  infants  and  chil- 
dren of  both  sexes  usually  excrete  creatine  as  well  as  creatinine  was 
discovered  by  Rose  (168),  confirmed  by  Folin  and  Denis  (65)  and  by 
Krause  (118),  and  has  formed  the  subject  of  further  study  by  Powisand 
Raper  (162),  Denis  and  Kramer  (49)  and  Gamble  and  Goldschmidt 
(74).  The  creatinuria  in  question  is  of  course  a  physiological  phenome- 
non, and  must  depend  upon  quantitative  rather  than  upon  profound 
qualitative  differences  between  child  and  adult.  Probably  it  represents 
a  temporary  survival  of  an  earlier  stage  in  the  evolution  of  the  type  of 
creatine  metabolism  which  now  characterizes  adult  man. 

The  precise  point,  or  points,  in  the  metabolic  cycle,  at  which  children 
differ  from  adult  men,  is  not  quite  clear.  It  might  be  that  children 
produce  relatively  more  creatine;  or  that  they  produce,  relatively  to 
their  muscle  mass,  the  same  quantity  of  creatine  as  adults,  but  have 
a  less  completely  developed  capacity  to  retain  (or  assimilate)  it.  Ac- 
tually the  creatine  content  of  the  immature  muscle  is  lower  than  that 
of  the  fully  developed  (see  table  1),  as  if  it  were  more  readily  "saturated" 
with  creatine;  and  in  accordance  with  this  conception  children  are  found 
to  excrete  a  relatively  large  proportion  of  ingested  creatine  (118),  (162) 
— infants  as  much  as  100  per  cent  (74) — just  as  do  the  subjects  of 
muscular  dystrophy  (122),  (76).  The  avidity  (if  it  may  be  so  ex- 
pressed) of  the  muscle  for  creatine  and  its  efRciency  as  a  machine 
develop  together,  and  as  they  develope  creatine  disappears  from  the 
urine.  It  is  also  possible  that  children  have  a  relatively  low  power  to 
convert  muscle  creatine  into  creatinine.  On  this  point  we  have  as  yet 
no  very  direct  evidence. 
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Creatinuria  in  women.  In  contrast  to  normal  men,  normal  women 
even  upon  a  creatine-free  diet  excrete,  although  only  intermittently, 
small  quantities  of  creatine.  This  was  first  observed  by  Krause  and 
Cramer  (116),  (117),  who  thought  that  the  creatinuria  had  a  definite 
relation  to  the  menstrual  period.  Others  (167),  (173),  (187)  have  been 
unable  to  observe  any  regularity  whatever  in  the  output. 

It  appears  not  unreasonable  to  suppose  that  the  creatinuria  of  women 
represents  merely  an  imperfect  transition  from  the  creatine  metabolism 
of  childhood  to  that  of  vigorous  adult  Hfe,  and  that  it  is  associated  with 
the  relatively  poor  muscular  development  and  low  creatinine  coefficient 
of  the  female  sex  in  general.  This  would  imply  that  the  female  organ- 
ism has  a  lower  power  of  assimilating  creatine  than  the  male.  The 
experiments  of  Stearns  and  Lewis  (187)  upon  the  fate  of  ingested 
creatine  in  women  seem  to  show  that  this  is  not  the  case.  It  is  to  be 
noted,  though,  that  the  two  subjects  they  studied  did  not  excrete  spon- 
taneously more  than  a  trace  of  creatine,  and  that  indeed  their  urine  was 
often  creatine-free  for  weeks  together.  In  other  words  these  women,  in 
regard  to  creatine  metabolism,  gave  hardly  any  indication  that  they 
differed  from  men.  Perhaps,  if  the  point,  were  examined,  it  would  be 
found,  as  Steams  and  Lewis  seem  to  infer,  that  women  leading  a  Hfe  of 
abundant  muscular  activity  exhibit  no  creatinuria  at  all. 

The  generally  intermittent  creatinuria  of  women  becomes  continuous 
during  pregnancy  (114),  (117),  (95),  increasing  toward  the  end  so  that 
in  the  last  few  weeks  before  parturition  it  may  average  0.17  gram  daily 
(211).  This  may  be  correlated  in  some  way  with  the  fact  that  the 
uterus  during  pregnancy  acquires  both  absolutely  and  relatively  more 
creatine  that  the  resting  organ  (21).  Immediately  after  delivery  the 
output  of  creatine  rises  further  still,  sometimes  reaching  the  extra- 
ordinary figure  of  1.5  grams  in  24  hours  (182),  and  averaging  0.42  gram 
daily  in  the  first  four  days  of  the  puorporium  (211).  According  to 
Meyncmann  (90),  this  post-partum  creatinuria  is  at  its  height,  in  the 
human  subject,  on  the  third  and  seventh  days;  in  the  dog  Murlin  (139) 
found  a  nmxinnnn  on  the  fifth  day.  SluifTcM-  (182)  and  Murlin  (139) 
attributed  tiie  plienoinenon  to  the  rai)id  (^scupe  of  creatine  from  the 
involuting  uterus.  This  explanation  is  extremely  plausible,  and  one 
can  hardly  doubt  that  it  corrc^ctly  states  one  factor  at  least;  but.  it  does 
not  seem  to  bo  certain  that  the  gravid  uterus  contains  enough  (noatine 
to  account  for  the  total  quantity  excreted.  Beker  (21)  calculates  that 
the  human  uterus  in  returning  to  the  noii-prcgnant  coiidiiioii  loses 
0.73  gram  of  creatine;  the  total  excess  output  of  the  pucrp(M-iuui  iiuist 
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often  be  greater  than  this.  Mellanby  (134)  brings  the  post-partum 
creatinuria  rather  into  relation  with  the  onset  of  lactation.  The 
excretion  of  creatine  during  pregnancy  and  the  puerperium  is  in  obvious 
need  of  further  and  more  detailed  study. 

Creatinuria  and  acidosis.  A  great  many  of  the  conditions  result- 
ing in  creatinuria — starvation,  carbohydrate  deficiency,  diabetes, 
fever,  etc. — are  characterized  by  an  abnormal  production  of  aceto- 
acetic  acid  or  other  acid  substances,  and  therefore  by  a  tendency  to 
depletion  of  the  alkaline  reserve,  or  acidosis.  This  suggested  to  Under- 
bill (206)  in  1916  the  hypothesis  "that  a  condition  of  acidosis  in  the 
body  is  responsible  for  the  appearance  of  creatine  in  the  urine."  After 
testing  this  hypothesis  in  a  variety  of  ways  upon  rabbits  (207),  (208), 
(209),  he  concluded  that  there  is  indeed  an  interrelationship  between 
acidosis  and  creatine  elimination,  but  that  neither  acidosis  nor  carbo- 
hydrate deficiency  can  be  the  sole  factor  in  the  production  of  every 
type  of  creatinuria.  A  similar  conclusion  is  reached  by  Steenbock  and 
Gross  (188)  on  the  basis  of  experiments  upon  pigs.  Denis  and  Minot 
(52),  on  the  other  hand,  could  observe  no  definite  effect  upon  creatine 
output  on  administering  sodium  bicarbonate  to  boys  or  women.  Saw- 
yer, Stevens  and  Baumann  (174)  produced  in  children  a  demonstrated 
reduction  of  alkaline  reserve  by  giving  a  high-fat  low-carbohydrate 
diet;  the  creatine  output  was  always  increased,  but  the  authors  them- 
selves do  not  believe  that  the  acidosis  in  itself  was  the  responsible 
factor.  Gamble  and  Goldschmidt  (74)  were  also  unable  to  secure,  by 
adding  acid  or  base  to  the  food  of  infants,  any  evidence  of  a  relation 
between  creatinuria  and  the  acid-base  balance  of  the  diet. 

It  is  quite  certain  that  acidosis  is  not  in  any  condition  at  present 
known  the  sole  determining  cause  of  creatinuria,  and  it  is  doubtful  if  it 
is  often  an  important  contributing  one.  That  it  may  sometimes  play 
a  subsidiary  part  is  not  impossible,  and  may  even,  in  view  of  its  stimu- 
lating effect  upon  cellular  metaboUsm,  be  considered  likely. 

Upon  a  general  review  of  the  whole  situation  with  regard  to  creatin- 
uria it  appears  very  improbable  that  the  condition  can  be  referred  in 
all  of  its  types  to  any  single  cause.  Probably  creatinuria  is  always 
endogenous  in  origin  and  most  examples,  if  not  all,  could  be  included 
under  one  or  more  of  the  following  descriptions: 

1.  Creatinuria  due  to  dissolution  of  muscular  tissue;  as  in  starvation, 
carbohydi-ate  deficiency,  etc. 

2.  Creatinuria  due  to  over-stimulation  of  endogenous  metabolism; 
as  in  fevers,  exophthalmic  goiter,  high-protein  feeding,  etc. 
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3.  Creatinuria  due  to  defective  power  to  store,  or  utilize,  or  dehydrate 
creatine  produced  in  normal  amounts;  as  in  childhood,  muscular  dj'stro- 
phies,  etc. 

Origin  of  creatine.  It  is  generally  assumed,  and  the  assumption 
has  every  element  of  probability  in  its  favor,  that  creatine  is  derived 
from  protein.  Of  the  mechanism  of  its  origin  and  of  the  nature  of  its 
immediate  precursors  we  possess  no  certain  knowledge.  None  of  the 
supposed  precursors  which  have  hitherto  formed  material  for  experi- 
ment has  been  shown  to  satisfy  the  two  requirements  necessary  to 
establish  it  in  the  status  of  an  actual  intermediate:  a,  that  it  should, 
upon  administration  in  the  proper  way  (that  is,  in  such  a  way  as  to 
reach  the  actual  locus  of  transformation),  be  converted  readily  and 
abundantly  into  creatine  (or  creatinine) ;  and  6,  that  it  should  be  detect- 
able in  traces  at  least  as  a  normal  constituent  of  the  body  or  of  the  urine. 
If  creatine  were  a  waste  product  the  almost  uniform  failure  to  connect 
it  with  hypothetical  precursors  would  almost  prove  that  the  real  pre- 
cursor has  not  yet  been  thought  of.  As  we  have  seen,  creatine  is 
probably  not  a  waste  product,  but  either  an  integral  part  of  the  living 
protoplasm  (70),  or  a  tissue  constituent  with  a  special  function.  Its 
rate  of  production  is  therefore  in  all  likelihood  regulated  by  the  internal 
demand,  and  it  is  not  to  be  expected  that  it  should  be  accelerated  by  an 
excessive  supply  of  precursors,  any  more  than  the  production  of  adrena- 
lin or  thyro-xin  would  be  increased  by  the  administration  of  large  doses 
of  tryptophane.  One  encounters  rather  frequently,  it  is  true,  the  idea 
that  creatine  is  constantly  being  produced  in  relatively  large  quantities, 
and  as  constantly  in  some  mysterious  way  being  "destroyed."  The 
experimental  work  reviewed  in  the  preceding  pages  affords  no  proof  of, 
and  little  support  for,  such  a  conception.  We  have  positive  knowledge 
of  creatine  production  only  in  connection  with  the  growth  or  renewal  of 
protoplasm  in  certain  tissues;  and  creatine  is  not  " destroyed "  in  any 
other  way  than  by  conversion  into  creatinine,  although  it  may  possibly 
be  utilized  in  unknown  anabolic  phases  of  metabolism.  Folin  and 
Denis  (70)  explain  the  failure  to  trace  creatine  to  any  known  food  con- 
stituent by  an  osscntially  identical  argument. 

Speculation  and  experiment  upon  the  origin  of  creatine  have  centered 
mainly  ufK>n  arginine,  the  only  known  protein  constituent  possessing  a 
guanidino  radicle. 

/.  Arginine  as  the  mother  Bubatance  of  creatine.  On  the  theory 
of  Kno<}p  (110)  and  Neubaunr  (140)  creatine  arises  from  arginine  by  the 
following  scries  of  reactions: 
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Up  to  the  formation  of  glycocyamine  this  scheme  follows  the  well 
established  lines  of  amino-acid  catabolism  by  deamination  and  i3-oxida- 
tion.  The  final  step  in  the  process — the  methylation  of  glycocyamine — 
is  one  which,  it  is  generally  agreed,  the  animal  body  has  been  demon- 
strated to  be  capable  of  taking  (106),  (55),  (154),  (197),  (16),  (76).  The 
scheme  has  therefore  a  certain  plausibility,  increased  rather  than  dimin- 
ished by  the  fact  that,  as  Neubauer  himself  points  out,  it  could  not  be 
expected  to  apply  to  ingested  arginine,  the  guanidine  group  of  which 
would  be  converted  into  urea  by  the  arginase  of  the  liver,  but  would 
readily  account  for  the  appearance  of  creatine  in  the  special  metabolism 
of  muscle,  where  arginase  is  not  to  be  detected. 

Attempts  to  secure  direct  evidence  of  the  conversion  of  arginine  into 
creatine  have  for  the  most  part  given  admittedly  negative  or  incon- 
clusive results  (106),  (13),  (17),  (195).  Positive  results  are  reported  by 
Inouye  (104),  who  obtained  small  increases  of  total  creatinine  upon 
incubation  of  arginine  with  hashed  liver,  or  perfusion  through  the 
surviving  organ;  by  Thompson  (197)  who  observed  increases  of  urinary 
creatine  in  dogs,  birds  and  rabbits,  after  injection  or  oral  administra- 
tion of  arginine;  and  by  Gross  and  Steenbock  (81)  who  confirmed 
Thompson's  results  by  feeding  the  base  to  pigs.  The  significance  of 
Inouye's  data  is  doubtful;  but  as  the  arginine  in  his  experiments  must 
have  been  promptly  hydrolyzed  by  the  liver  arginase,  its  guanidine 
group  can  hardly  have  been  responsible  for  any  observed  formation  of 
creatine.  In  Thompson's  experiments  the  extra  creatine  never  corre- 
sponds to  more  than  a  small  fraction — from  1.1  to  4.5  per  cent — of  the 
guanidine  nucleus  introduced;  no  control  experiments  were  made  with 
other  amino-acids;  and  it  is  not  at  all  impossible  that  what  was  observed 
was  a  general  amino-acid  effect  of  stimulation.  The  data  of  Gross  and 
Steenbock   distinctly   support   such   an   explanation;   for   while   they 
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observed  increases  of  urinary  creatine  upon  feeding  arginine,  they 
obtained  increases  greater  still  from  casein  of  equivalent  arginine  con- 
tent. None  of  these  experiments  therefore  furnish  conclusive  evidence 
of  a  conversion  of  arginine  into  creatine.  Evidence  more  direct  is 
possibly  to  be  found  in  experiments  of  Jansen  (108),  who  reports  that 
increased  tonus  of  frog's  leg  muscle  is  accompanied  by  a  disappearance 
of  arginine  and  the  production  of  a  corresponding  amount  of  creatine. 

As  might  be  expected  no  unequivocal  effect  upon  muscle  creatine 
(146),  or  upon  creatine  excretion  (86),  (76), or  creatinine  output  (93)  is 
produced  by  exchanging  an  arginine-poor  protein  in  the  diet  for  an 
arginine-rich  one. 

In  the  endeavor  to  establish  a  connection  between  creatine  and 
arginine,  experiments  have  been  made  also  with  many  possible  inter- 
mediates and  their  higher  homologues.  Neither  7-guanido-butyric 
(192)  nor  eguanidino-caproic  (193)  acids,  nor  the  corresponding 
methylamino  or  methylguanidine  derivatives  (194),  nor  yet  5-methyl- 
arginine  (195)  give  any  evidence  of  convertibility  into  creatine  in  the 
animal  organism.  Among  all  the  conceivable  intermediates  of  an 
arginine-creatine  transformation  glycocj'amine  remains  the  only  one 
which  gives  positive  results;  and  there  are  difficulties  in  accepting  it  as 
a  real  intermediate  of  normal  metaboUsm.  It  is  for  the  most  part 
excreted  unchanged,  only  a  fraction  of  the  administered  dose  under- 
going methylation ;  and  although  only  slightly  soluble,  it  has  never  been 
detected  as  a  constituent  of  animal  tissues. 

In  the  face  of  such  almost  uniformlj'  negative  results  one  is  almost 
forced  to  assume  that,  if  creatine  is  related  to  arginine  at  all,  its  mother 
sobstance  is  not  free  arginine  but  the  still  combined  arginine  of  the 
muscle  protein.  Seemann's  (180)  hypothesis  of  the  existence  in  pro- 
tein of  a  preformed  creatinine  ring,  in  the  construction  of  which  the 
gtianidinc  group  of  arginine  is  supposed  to  participate,,  contains  an 
inherent  improbability;  for  all  the  evidence  indicates  that  the  guanidine 
groups  of  the  protein  molecule  are  free  (113).  It  is  more  likely  that, 
as  Thomas  (195)  Huggests,  the  projecting  arginine  side-chains  undergo 
in  timtuc  metalwliHm  /^-oxidation  from  the  terminal  guanidine  group 
inwnrdif,  the  disrupted  frugmcMit  Ix-ing  then  converted  into  creatine. 
Much  a  speculation  readily  falls  in  line  with  the  view  of  MeColhnn  (129) 
that  cndogonouK  metulmiism  does  not  involve  the  complete  disintegra- 
tion of  the  protein  molecule.  Complete  disintegration  of  the  molecule 
would  indeed  be  difficult  to  reconcile  with  an  origin  of  creatine*  (and 
creatinine)  from  arginine  alone;  for  arginine  contrihtites  but  ll.l  per 
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cent,  its  guanidine  nucleus  therefore  8.3  per  cent,  of  the  nitrogen  of 
muscle  and  tissues  in  general  (56),  whereas,  when  the  metabolism  of 
protein  is  reduced  to  a  purely  endogenous  level,  creatinine  may  form 
18.5  per  cent  of  the  total  nitrogen  output  (128). 

Support  for  the  conception  that  creatine  is  derived  from  arginine  has 
been  found  in  the  fact  that  while  the  muscles  of  vertebrates  contain 
creatine  but  no  free  arginine,  those  of  invertebrates  (crustaceans, 
insects,  molluscs),  which  contain  no  creatine,  yield  larger  or  smaller 
quantities  of  free  arginine  (2),  (4),  (6),  (7),  (119),  (152). 

2.  Creatine  as  a  deloxicator  of  guanidine.  Noel  Paton  (158)  has 
recently  revived  the  hypothesis  of  Jaffe  (106)  and  Achehs  (1)  that 
creatine  is  the  product  of  a  reaction  having  for  its  object  the  detoxica- 
tion  of  guanidine  or  methyl-guanidine.  Guanidine  is  presumed  to 
arise  from  the  complete  oxidative  decomposition  of  arginine,  from  some 
other  unknown  guanidine  grouping  in  the  protein  molecule,  or  even 
under  certain  circumstances — as  in  the  developing  chick  (34) — from 
non-guanidine  nitrogen.  Methyl-guanidine  is  generally  believed  to  be 
a  normal  constituent  of  flesh  (185)  and  urine  (57).  Both  bases  are 
highly  toxic,  producing  symptoms  similar  to  those  of  tetany  (157). 
In  tetaniaparathyreopriva  (112),  (33)  and  in  idiopathic  tetany  (33) 
their  concentration  in  blood  or  urine  or  both  is  greatly  increased.  After 
removal  of  the  parathyroids  the  creatine  content  of  muscle  increases 
while  its  total  guanidine  concentration  falls  (87).  In  spite  of  negative 
results  (chiefly  with  methylguanidine)  by  others  (106),  (55),  (164),  (1), 
(17),  Thompson  (198)  found  an  increase  of  creatinine  output  in  the 
dog,  and  of  creatine  output  in  the  duck,  while  Wishart  (215)  obtained 
increases  of  muscle  creatine,  after  injections  of  guanidine  salts.  When 
it  is  considered  that  it  is  by  no  means  certain  (59),  (18),  (80)  that  the 
methylguanidine  found  in  flesh  and  elsewhere  is  not  an  artificial  product, 
the  evidence  hardly  seems  to  form  a  very  strong  case  for  the  detoxica- 
tion  theory. 

3.  Creatine  as  a  product  of  methylation.  The  derivation  of 
creatine  from  arginine  or  from  the  guanidine  nucleus  of  protein  in- 
volves at  some  point  or  other  a  process  of  methylation.  Methylation 
and  methylated  compounds  are  specially  characteristic  of  the  vegetable 
kingdom  (witness  the  numerous  plant  betaines  and  methylated  alka- 
loids), but  are  by  no  means  uncommon  among  animals.  Choline 
(as  a  constituent  of  lecithine),  adrenaUn,  carnitine  (probably 

(CH3)c  ;  N  •  CH2  •  CH(CH20H)  •  CO  •  O 
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(58)  and  glycocoU-betaine  are  examples  of  methyl  compounds  with 
wide  distributions  in  the  animal  kingdom.  7-Butyro-betaine  is  found 
in  the  urine  of  dogs  poisoned  by  phosphorus  (190).  Pyridine  (91), 
(96),  (201),  tellurium  salts  (92)  and  nicotinic  acid  (3)  given  by  mouth 
are  excreted  as  methyl  derivatives.  The  instance  of  glycocy amine  and 
its  conversion  to  creatine  has  already  been  noted. 

Neither  the  purpose  nor  the  mechanism  of  methylation  are  perfectly 
clear.  It  has  been  thought  that  it  serves  to  protect  the  substance 
involved  from  further  cataboUsm.  Certainly  the  betaines  and  methyl 
compounds  in  general  are  very  resistant  to  oxidation  in  the  animal 
organism  (5),  creatine,  as  we  have  seen,  being  no  exception  to  this  rule. 
It  is  possible  then  that  the  formation  of  creatine  serves  to  preserve  for 
special  uses  the  guanidine  group  of  arginine. 

In  plants  methylation  is  believed  to  be  effected  by  the  union  of 
formaldehyde  with  amino  groups,  and  reduction  of  the  methylene- 
amino  compounds  thus  produced.  Thompson  (200)  has  suggested 
that  creatine  may  arise  in  a  similar  way  by  the  action  of  formaldehyde 
upon  guanidino-acetic  acid  or  some  earlier  stage  in  the  oxidative  catab- 
oUsm of  arginine.  He  supported  his  hypothesis  by  experiments  in 
which  the  administration,  especially  the  subcutaneous  administration, 
of  paraformaldehyde  or  urotropin  with  or  without  arginine  to  ducks 
appeared  to  give  notable  increases  in  the  output  of  creatine.  It  may  be 
objected  that  formaldehyde  is  not  known  to  arise  in  the  animal  body, 
that  if  it  did  there  seems  to  be  no  reason  why  it  should  couple  with 
guanidine  rather  than  with  the  far  more  abundant  free  amino  groups  in 
the  tissues,  and  that  Thompson  took  no  account  in  his  analyses  of  the 
fact  that  formaldehyde  gives  the  Jaff6  reaction.  There  seems  therefore 
to  be  no  real  evidence  that  creatine  formation  represents  a  mechanism 
for  the  dctoxication  of  formaldehyde,  or  that  the  latter  has  anything  to 
do  with  its  origin. 

4.  Creatine  as  a  derivative  of  choline  or  bctainc.  Koch  (111),  in 
1905,  fluggosted  that  creatine  as  a  methylated  amino-acid  derivative 
might  be  related  to  the  metabolism  of  locithine,  of  which  the  methylated 
amino-alcohol  choline  is  a  characteristic  component,  llicsser  (U)4)  in 
1913  developed  this  hypothesis  in  cousidorablo  detail,  pointing  out 
that  not  choline  alone  but  also  its  oxidation  product  bctaino  might  bo 
supposed  to  be  capable  of  condenmng  willi  unvi,  .according  to  the 
following  Bcbemes: 
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CHj  •  OH 
1 
CH2-N(CH3)8-OH 

NH2 

+    CO 

\ 
NHj 

=     C  =  NH                                     +   2CH,0H 
N(CH3)  •  CHs  •  CH,OH 

Choline 

COOH 
CH2-N(CH,)30n 

NH2 
+    CO 

NH2 

NH, 

/ 
=     C  =  NH                           +    2CH,0H 

N(CH,).CH2-C00H 

Betaine 

Creatine 

Betaine  would  thus  give  creatine  directly,  while  the  condensation 
product  with  choline  would  yield  it  upon  simple  oxidation.  On  this 
theory  the  guanidine  group  of  creatine  would  be  formed  synthetically, 
and  not  derived  from  any  preformed  residue  in  the  protein  molecule. 

In  support  of  his  hypothesis  Riesser  reports  experiments  upon  rabbits 
indicating  that  both  the  creatine  content  of  muscle  (164),  and  the 
daily  output  of  creatinine  (165)  may  be  increased  by  subcutaneous 
injections  of  choline,  or  of  betaine.  Thompson  (198),  on  the  other  hand, 
found  no  very  decided  effect  of  either  substance  upon  total  urinary 
creatinine  in  the  dog;  and  Baumann  and  Hines  (17),  who  perfused  urea 
with  betaine  or  choline  through  dog's  muscle,  obtained  no  increase  of 
creatine  with  the  former  and  only  a  doubtful  one  with  the  latter. 
The  experiments  of  Riesser  therefore,  although  exceedingly  suggestive, 
do  not  suffice  to  establish  either  choline  or  betaine  as  precursors  of 
creatine. 

It  might  be  pointed  out  that  betaine  at  least,  in  the  role  of  a  creatine 
precursor,  would  not  have  any  necessary  connection  with  lipoid  metab- 
olism, but  as  a  fully  methylated  glycocoll  might  equally  well  be  derived 
from  protein.  Indeed  it  is  almost  certain  (11)  that  the  betaine  found 
in  living  organisms  arises  not  from  choline  but  from  glycocoll.  As 
glycocoll  can  apparently  be  produced  in  almost  unlimited  quantities 
in  the  endogenous  metabolism  of  protein  (at  the  expense  of  a  correspond- 
ing quantity  of  urea)  (132),  it  is  unnecessary  to  look  elsewhere  for  a 
constant  source  of  betaiije  in  Riesser's  hypothetical  reaction.  Now  it 
is  of  no  little  interest  that  while  betaine  is  absent  as  a  rule  from  the 
creatine-containing  muscles  of  vertebrates,  it  has  been  rather  fre- 
quently found  in  those  of  invertebrates.  It  has  been  detected  in  the 
mussel  (30)  (7),  the  shrimp  (2),  the  crayfish  (119),  the  octopus  (88),  the 
scallop  and  the  periwinkle  (213),  the  spiny  lobster  and  Loligo  (152), 
none  of  which  yield  even  traces  of  creatine.     It  would  seem  to  be  of 
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particular  importance  that  in  some  of  the  lowest  vertebrates,  for 
example  the  lamprey  (213)  and  the  dogfish  (Acanthias  vulgaris)  (189), 
creatine  and  betaine  are  found  together.  Such  data  of  comparative 
biochemistry',  scattered  and  incomplete  as  they  are,  certainly  suggest 
that  betaine  is  a  step  in  the  evolution,  and  probably  therefore  in  higher 
forms  in  the  production,  of  creatine.  The  occurrence  of  betaine  in 
ox-kidney  (19),  if  it  should  be  confirmed,  makes  its  position  as  a  real 
intermediate  still  more  probable. 

Betaine  as  an  intermediate  product  is  of  course  not  incompatible  with 
arginine  as  the  original  mother  substance  of  creatine,  for  arginine 
accompanies  betaine  in  many  invertebrates,  and  betaine  might  con- 
ceivably take  origin  from  ornithine,  through  the  preliminary  stages  of 
7-amino-butyric  acid  and  glycocoU.  Methylation  might  be  the  final 
step,  or  might  occur  at  either  of  the  earlier  stages.  Carnitine,  a  regular 
constituent  of  vertebrate  muscle,  was  at  one  time  thought  to  be  the 
hj^droxj'-derivative  of  methylated  7-amino-butyric  acid,  and  as  such 
might  have  figured  as  a  possible  relation  of  creatine;  but  it  appears  to 
have  in  reality  a  different  constitution  (58). 

5.  Creatine  as  a  derivative  of  cystine.  Harding  and  Young  (86) 
have  suggested  that  creatine  may  be  derived  from  cystine  "through 
the  intermediate  stages  of  taurine  and  amino-cthyl  alcohol,  followed  by 
methylation,  combination  with  urea,  and  oxidation."  They  have  not 
yet  published  the  experiments  which  led  them  to  this  hypothesis. 
Gross  and  Steenbock  (81),  who  observed  increases  of  creatine  in  pigs 
after  feeding  cystine,  attributed  their  results  to  acidosis  consequent 
upon  the  oxidation  of  the  sulphur.  Gibson  and  Martin  (76)  found 
cystine  to  be  without  effect  upon  the  creatine  output  in  pseudohyper- 
trophic muscular  dystrophy.  It  seems  unlikely,  in  any  case,  that 
cystine  could  be  the  source  of  all  the  creatine  produced  in  the  body. 
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THE  SECRETION  OF  GASTRIC  JUICE  IN  HEALTH  AND 

DISEASE 

A.  J.  CARLSON 

The  Hull  Physiological  Laboratory  of  the  University  of  Chicago 

I.  Methods:  1.  Methods  of  securing  the  gastric  secretion.  The  ad- 
vances in  our  knowledge  of  gastric  secretion  run  parallel  with  the  de- 
velopment of  new  experimental  methods  and  the  degree  of  intelligence 
with  which  these  methods  are  applied,  experimentally  and  clinically. 
Reaumur  and  Spallanzani  introduced  food  and  sponges  in  perforated 
metal  or  wooden  capsules  into  the  stomach  of  man,  birds  and  fishes. 
These  capsules  were  recovered  by  means  of  attached  strings,  by  vomit- 
ing, or  by  passage  per  rectum.  By  diligent  application  of  these  simple 
methods  Reaumur  and  Spallanzani  demonstrated  a,  that  gastric  diges- 
tion is  a  process  of  chemical  solution  rather  than  mechanical  trituration; 
b,  that  gastric  juice  is  acid;  c,  that  it  prevents  putrefaction;  and  d,  that 
it  digests  food  in  vitro. 

The  next  step  in  advance  was  a  chemical  one,  taken  by  Prout  and 
Tiedemann  and  Gmelin.  They  secured  gastric  juice  or  gastric  content 
by  killing  their  animals  after  introducing  pebbles  and  other  indigestible 
material  into  the  stomach,  or  at  the  height  of  digestion  of  a  meal,  and 
proved  by  adequate  methods  that  the  acidity  of  the  gastric  juice  is  due 
to  free  hydrochloric  acid. 

Next  came  data  from  clinical  and  experimental  gastrostomy.  While 
Beaumont  was  not  the  first  to  note  gastric  digestion  and  secretion  in 
human  gastric  fistula  cases,  he  was  the  first  to  make  serious  use  of  such 
a  case  to  advance  our  knowledge  of  gastric  physiology  and  pathology. 
Moreover,  his  classical  research  on  Alexis  St.  Martin  became  the  most 
important  impetus  to  the  work  on  gastric  physiology  in  the  19th  cen- 
tury. Beaumont  secured  pure  gastric  juice,  but  the  limited  chemical 
examination  of  this  juice  was  made  b}-  others.  Beaumont  concluded, 
however,  that  gastric  juice  contains  other  food  solvents  besides  the  HCl. 
The  substance  hinted  at  was  pepsin,  discovered  by  Wassman  six  jears 
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later  (1839).  Beaumont  recorded  that  irritating  condiments,  excess  of 
alcohol,  febrile  states,  anger  and  fear,  etc.,  decrease  gastric  secretion, 
facts  that  have  been  confirmed  and  extended  by  later  workers.  But 
Beaumont  is  also  partlj'-  responsible  for  promulgating  and  perpetuating 
two  erroneous  views  concerning  gastric  secretion,  viz.,  that  there  is 
no  secretion  of  gastric  juice  in  the  absence  of  food  in  the  stomach,  and 
that  foods  or  indigestible  solids  induce  secretion  by  their  mechanical 
action  on  the  gastric  mucosa.  But  the  blame  for  the  perpetuation  of 
these  errors  rests  heavier  on  the  followers  than  on  the  master,  Beaumont. 
Since  the  publication  of  Beaumont's  great  work  nearly  ninety  years  ago 
important  contributions  have  been  made  to  gastric  secretion  on  many 
other  human  gastrostomy  cases,  both  in  health  and  disease. 

Simple  gastrostomies  on  experimental  animals  quickly  followed  the 
pubH cation  of  Beaumont's  observations  in  1833  (Bassow,  Blondlet, 
1842),  but  these  led  to  no  discovery  of  fundamental  importance  except 
the  demonstration  of  Bidder  and  Schmidt  that  the  HCl  is  actually 
produced  by  the  gastric  glands.  The  next  important  step,  again  a  new 
method,  was  taken  by  Heidenhain  in  making  the  isolated  pouch,  or 
little  stomach  separated  from  the  main  stomach,  so  that  pure  gastric 
juice  was  for  the  first  time  obtained  in  the  experimental  animal  parallel 
with  normal  digestion.  Heidenhain's  pupil.  Pavlov,  in  the  early  nine- 
ties, made  the  important  addition  to  the  Heidenhain  operation  of  so 
cutting  the  gastric  walls  that  most  of  the  extrinsic  and  intrinsic  nerve 
connections  were  retained  in  the  isolated  gastric  pouch.  In  this  way 
Pavlov  and  his  pupils  were  able  to  begin  the  analysis  of  the  chemical 
and  the  nervous  factors  of  the  gastric  secretion.  The  later  devolopmoiit 
of  Pavlov's  research  in  the  direction  of  conditioned  reflexes  deal  with 
the  central  nervous  system  rather  than  with  gastric  functions. 

The  stomach  tube, — Fractional  analysis.  The  discovery  and  applica- 
tion of  the  principle  of  the  stomach  tube  or  stomach  pump  appears  to 
Ro  hack  into  antiquity  (Garri.son).  In  modern  medicine  the  stomach 
tulx»  was  first  used  for  tulxi  feeding  and  for  gastric  hivago  (Monroe, 
Physick,  Hunter,  Kussniaul).  But  shortly  aft^r  Kihssinaul's  first  pub- 
lication on  the  Hubjoct  in  18(57,  Leube  and  Kiilz  made  use  of  the  .stomach 
IuIk*  for  thff  i)ur|M).s(;  of  Hccuring  gastric  content  and  analysis  of  gastric! 
secretion.  As  quoted  by  Maly,  these  investigators  introduced  the  prin- 
ciple of  fractional  analvHis,  that  is,  removal  of  small  portions  of  the  test* 
meal  at  fixed  intcrvai.s.  in  order  to  follow  the  secretion  process  by  the 
variationN  in  acidity  and  iK'psin  content.  This  method  was  also  followed 
by  BcbUic,  who  in  addition  Hhowed  that  the  appetite  secretion  of  gastric 
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juice  may  be  studied  in  intact  persons  by  emptying  the  stomach,  chewing 
palatable  food  without  swallowing  for  fixed  periods,  and  withdrawing 
the  juice  secreted.  Following  the  lead  of  the  great  German  gastro- 
enterologists,  most  of  the  clinical  work  on  gastric  secretion  during  the 
last  fifty  years  has  been  done  by  the  less  satisfactory  method  of  with- 
drawing the  entire  gastric  content  at  a  fixed  interval  (usually  one  hour) 
after  ingestion  of  the  test  meal.  This  procedure  affords  no  control  on 
the  continuous  secretion  before  ingestion  of  the  food,  and  no  adequate 
information  on  the  secretion  rate  following  the  evacuation  of  the  meal. 
The  great  body  of  data  in  the  cHnical  literatm-e  on  gastric  juice  secured 
by  this  method  is  therefore  of  douV>tful  value,  even  for  diagnostic  pur- 
poses. To  be  sure,  Ewald,  Boas,  Reichmann  and  others  attempted 
fractional  studies  by  giving  the  same  test  meal  on  succeeding  days  or  by 
removing  the  entire  gastric  content  at  different  intervals  after  ingestion. 

The  large  caliber  and  relatively  inflexible  catheter  usually  employed 
as  stomach  tube  is  too  uncomfortable  to  retain  in  place  for  any  con- 
siderable period,  and  too  difficult  to  swallow  so  that  passing  this  tube 
into  the  stomach  at  15-  or  20-minute  intervals  is  out  of  the  question. 
The  motor  and  secretory  disturbances  induced  reflexly  by  this  procedure 
would  vitiate  the  results.  Delicate  flexible  catheters  that  could  be 
swallowed  with  ease  and  retained  in  place  with  comfort  over  long  periods 
have  been  used  from  time  to  time  and  were  reconmiended  for  the  study 
of  gastric  content  by  clinicians  both  in  this  country  and  in  Europe. 
Thus  in  1893  Gross  reported  the  use  of  a  soft  nelaton  catheter  for  gastric 
analysis.  But  these  methods  received  little  attention  until  about  a 
decade  ago  when  the  modern  method  of  fractional  gastric  analysis  was 
introduced  by  Ehrmann,  Ehrenrich  and  Ettinger,  in  Germany,  and  a 
little  later  by  Rehfuss  and  his  co-workers  in  America. 

The  adaptation  of  the  duodenal  catheter  of  Einhorn  for  the  purposes 
of  recovery  of  the  gastric  content,  continuously  or  at  short  intervals, 
is  a  noted  advance  as  regards  the  study  of  gastric  secretion  in  man 
both  in  health  and  disease.  The  main  shortcoming  of  the  fractional 
method  in  connection  with  the  test  meal  is  due  to  the  variation  in  degree 
of  acidity  of  the  gastric  content  in  different  regions  of  the  stomach 
(Gorham,  Kopeloff,  Wliite,  Fitz). 

Taylor  has  described  an  ingenious  device  for  securing  pure  gastric 
juice  on  "sham"  feeding  in  normal  infants.  The  stomach  tube  is  passed 
through  a  rubber  tube,  the  latter  ending  in  the  esophagus.  This  outer 
tube  is  connected  with  a  suction  apparatus  so  that  the  milk  or  other 
liquids  swallowed  are  sucked  back  through  this  outer  tube  before  reach- 
ing the  stomach. 
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The  tube  (nelaton  catheter)  can  be  swallowed  by  most  people  without 
difficulty  and  retained  indefinitely  with  no  retching  and  little  or  no 
salivation.  Since  this  stomach  tube  cannot  be  pushed  into  the  stomach 
it  cannot  be  used  in  refractory  individuals  (insane,  hysterical  subjects), 
and  because  of  its  diameter,  the  tube  cannot  be  used  to  recover  gastric 
contents  containing  foods  not  thoroughly  masticated. 

The  scientific  value  of  much  of  the  experimental  and  clinical  data  on 
gastric  secretion  is  greatly  decreased  by  the  failure  to  secure  controls 
on  the  continuous  secretion. 

Extracts  of  the  gastric  gland.  The  study  of  gastric  secretion  by 
extracting  the  mucosa  is  of  very  limited  value,  except  as  an  aid  in  localiza- 
tion of  the  pesin-producing  glands.  So  far,  this  method  has  yielded 
nothing  conclusive  on  the  question  of  place  and  mode  of  origin  of  the 
acid  and  ferments  of  the  gastric  secretion. 

2.  Method  of  determination  of  gastric  acidity.  The  literature  on 
methods  of  measuring  the  acidity  of  gastric  juice  is  considerable. 

The  direct  titration  with  NaOH  was  started  by  Sazabo,  and  de- 
veloped into  the  present  form  (using  dimethjd-amin-aso-benzol)  by 
Koster,  Mintz,  Mcirner  and  Tropfer.  The  controversy  concerning  the 
method  has  been  as  to  which  of  the  numerous  indicators  used  yields 
the  most  accurate  result,  and  whether  the  figures  for  free  HCl  are  not 
too  high,  the  addition  of  the  alkalis  liberating  some  of  the  combined 
acid.  To  overcome  this  last  objection  Sorenson  introduced  the  colori- 
metric  method.  The  principle  of  this  method  is  the  selection  of  a  series 
of  indicators  that  change  in  color  at  definite  degrees  of  acidity.  ShoU 
has  recently  worked  out  a  series  of  indicators  and  stable  color  standards 
permitting  direct  reading  of  the  approximate  pH  of  the  gastric  juice. 

Theoretically,  the  gas  chain  method  yields  the  most  accurate  infor- 
mation of  the  true  acidity  of  a  solution,  and  this  method  has  been  used 
by  a  number  of  investigators  on  the  gastric  juice  (Michaelis  and  David- 
son, Chri.stiansen,  Mentcn,  McClcndon).  McClendon  has  devised  a 
hydrogen  olcctrode  which  can  be  introduced  into  the  stomach  or  duode- 
num by  inoaas  of  a  catheter.  This  permits  the  determination  of  gtustric 
and  duodenal  acidity  during  digestion  without  removing  any  of  the 
gaiitric  content,  Christiansen  ha.s  reporttMl  a  thoroiigii-going  compara- 
tive Httidy  and  critique  of  thcstr  several  methods  of  deierinining  gastric 
juice  acidity.  On  normal  hunuin  gastric  juicje  the  standard  titration 
and  the  gOH  chain  method  yield  figures  ho  nearly  identical  that  the  titra- 
tion method  in  Hufficicntly  accurate  for  all  clinical  and  for  most  research 
INirpofles. 
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3.  Methods  of  measuring  the  pepsin  concentration.  Since  the  chemical 
structure  of  pepsin  is  not  yet  known  all  methods  of  determining  the 
pepsin  concentration  in  gastric  juice  are  only  relative.  The  methods 
are  all  based  on  the  rate  of  solution  of  some  protein.  Griitzner  modified 
the  older  method  of  Briicke  by  using  carmine-stained  fibrin,  the  rate 
of  digestion  being  measured  by  the  rapidity  of  liberation  or  solution  of 
the  carmine.  Jacoby  used  the  rate  of  clearing  of  a  solution  of  ricin  as  a 
measure  of  pepsin  concentration.  Fuld  and  Levinson  used  edestin. 
Gross  used  casein,  Hammarschlag  egg  albumen,  the  rate  of  digestion 
being  determined  in  each  case  by  the  amount  of  protein  remaining 
to  be  precipitated  by  sodium  chloride,  sodium  acetate  and  Esbach's 
reagent,  respectively.  Huppert  and  Schiitz  used  the  rate  of  production 
of  secondary  albumoses  as  a  measure  of  pepsin,  and  on  the  basis  of  this 
method  they  formulated  the  law  that  the  rate  of  pepsin  digestion  is 
proportional  to  the  square  root  of  the  pepsin  concentration,  a  generaliza- 
tion that  has,  at  the  most,  only  a  limited  application  (Oppenheimer). 
Glassner  uses  the  rate  of  hydrolysis  of  globin. 

The  simplest,  and  for  clinical  purposes  at  least,  quite  the  most 
satisfactory  method  is  that  of  Mett,  the  pepsin  concentration  being 
calculated  from  the  rate  of  digestion  of  egg  white  coagulated  in  glass 
tubes.  Pepsin  concentration  has  also  been  measured  by  the  changes  in 
the  viscosity  (Spriggs),  and  the  electrical  conductivity  (Sjoquist,  Oker- 
Blom)  of  protein  solutions. 

II.  Sea-etion  of  gastric  juice  in  the  lower  animals:  1.  Gastric  secretion 
in  the  invertebrates.  Gastric  juice,  with  its  free  hydrochloric  acid  and 
specific  ferments  (pepsins)  appears  to  be  confined  to  the  vertebrate  ani- 
mals. No  free  mineral  acids  or  proteolytic  ferments  requiring  free  acids 
for  their  digestive  action  have  so  far  been  conclusively  demonstrated  in 
the  stomachs  of  any  invertebrate  group.  Acid  reaction  of  gastric  con- 
tents or  secretion  have  been  noted  by  many  observers,  and  some  have 
assumed  this  to  be  due  to  hydrochloric  acid.  Later  and  more  careful 
work  seems  to  show  that  this  acidity  is  due  either  to  acid  salts  or  to  acid 
saliva,  and  not  to  acid  gastric  juice,  although  Griffith  quotes  Fredericq 
as  having  reported  that  the  gastric  juice  of  Mj^a  contains  hydrochloric 
acid.  Bodansky  and  Rose  studied  the  digestive  action  of  gastric  mucosa 
extracts  of  certain  coelenterata  (Stomolophus,  Physalia)  on  gelatin. 
They  conclude  that  pepsin  is  present,  since  the  extract  liquefied  gelatin 
in  an  acid  medium,  the  optimum  acidity  being  pH  3.0,  or  the  same  as 
for  mammalian  pepsins. 
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The  free  mineral  acid  (H,jS04)  in  the  so-called  salivary  glands  of  some 
molluscs  is  not  accompanied  by  pepsins  or  pepsin-like  ferments.  The 
digestive  significance  of  this  salivary  mineral  acid  is  therefore  not 
analogous  to  the  hydrochloric  acid  of  the  vertebrate  gastric  juice. 
There  appears  to  be,  at  times,  free  mineral  acids  in  the  digestion  vacuoles 
of  some  of  the  unicellular  animals,  but  in  these  animals  no  proteolytic 
action  goes  on  until  the  free  mineral  acid  is  fixed  or  neutralized.  The 
r61e  of  this  acid  vacuole  secretion  is  therefore  supposed  to  be  the  killing 
rather  than  the  digestion  of  the  ingested  bacteria  and  spores.  The 
literature  is  adequately  reviewed  bj^  von  Fiirth,  Griflfith,  and  Jordan. 
Invertebrate  digestion  is  essentially  pancreatic  and  intestinal. 

The  biological  significance  of  this  apparently  uniform  absence  of 
gastric  secretion  (HCl,  pepsins)  in  the  invertebrates,  and  its  normal 
presence  in  the  entire  vertebrate  phylum  is  by  no  means  clear.  But  it 
would  seem  that  gastric  juice  is  a  comparatively  late  addition  to  the 
animal  digestive  process.  It  might  be  worth  the  while  to  reinvestigate 
the  gastric  secretion  in  the  groups  supposed  to  be  the  nearest  relatives 
of  the  primitive  vertebrates. 

The  lat€  evolution  of  gastric  juice  may  have  some  significance  in  the 
frequencj-^  of  chronic  achyUa  in  normal  persons  and  the  apparent  ab- 
sence of  digestive  disorders  in  chronic  or  temporary  achylias  not  com- 
plicated by  motor  disturbances  of  the  gut. 

There  appears  to  Ije  a  continuous  secretion  of  the  digestive  juices  in 
most  of  the  invertebrate  groups.  The  question  of  nervous  and  chemical 
rontrol  f)f  these  secretory  processes  does  not  appear  to  have  been 
investigated. 

2.  Gastric  secretion  in  the  fishes.  There  is  a  considerable  literature  on 
gastric  secretion  and  gastric  digestion  in  fishes,  beginning  with  Sjiallan- 
zani  (1783).  This  is  adequately  reviewed  by  Sullivan  and  by  Beider- 
niann.  'J'he  probhMu.'^  attacked  are  the  nature  of  the  acid  or  acids,  and 
the  proteolytic  ferments,  and  the  place  of  formation  of  the  acids  and  the 
ferments.  The  question  of  the  mechanisms  of  secretion  of  the  gastric 
juice  ha«  scarcely  been  touched  in  tjje  fishes,  although  some  species  of 
chwiiiohranchs  would  be  suited  for  gastrostomy  and  Pavlov  j^ouch 
o|KTationH,  Sulhvan  concludes  that  in  the  elasmobranchs  both  the 
|)0|>Hin  and  the  hydrochloric  acid  is  secreted  by  tiie  cells  in  the  gastric 
Htic,  that  i«,  tlio  region  corresponding  to  the  fundus  of  the  mammalian 
fjtomaeh.  In  the  elaHmobranchs  the  fuiKhis  glands  are  not  (UfTeren- 
tiftled  into  the  chief  and  tlie  parietal  cells.  According  to  Sullivan  the 
pyloric  mucowi  hcctHoh  neither  pepsin  nor  HCl. 
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It  seems  established  that  the  gastric  glands  in  all  groups  of  fishes 
secrete  HCl  and  pepsins.  Some  observers  have  also  reported  sulphuric 
and  organic  acids.  In  fact,  Weinland  and  Van  Herwerden  report  that  the 
gastric  juice  of  the  shark  contains  only  organic  acids.  But  the  gastric 
secretion  in  fishes  seem  to  differ  from  that  of  the  mammals  in  three 
particulars:  a,  the  high  concentration  of  HCl;  and  h,  the  rapid  action 
of  the  fish  pepsin  at  low  temperatures;  c,  the  high  optimum  acidity  for 
the  action  of  the  fish  pepsins.  Richet  reported  a  gastric  acidity  in 
selachians  of  from  0.0  per  cent  to  1.4  per  cent.  Young  reported  an 
acidity  of  0.84  per  cent.  Sullivan  reports  that  in  the  fasting  shark  the 
stomach  reaction  is  practically  neutral.  His  observations  were  there- 
fore made  on  the  gastric  content  at  the  height  of  digestion;  under  those 
conditions  he  found  the  total  acidity  as  high  as  1  per  cent  HCl,  and  the 
free  or  physiologically  active  acidity  as  high  as  0.6  per  cent  HCl.  A 
Russian  observer  (Svolima)  has  recently  reported  an  acidity  of  1.6  per 
cent  HCl  in  the  shark's  stomach.  This  observer  appears  to  have  secured 
pure  gastric  juice  by  means  of  a  gastric  fistula.  Wieland  reports  the 
secretion  of  an  alkaline  gastric  juice  in  the  skate  (Raja). 

The  high  acid  optimum  (0.5  per  cent  free  HCl)  and  the  rapid  proteo- 
lytic activity  of  fish  pepsins  at  low  temperatures  are  interesting  dif- 
ferences from  mammalian  pepsins  that  deserve  more  detailed  investi- 
gation. Using  artificial  gastric  juice  (extract  of  mucosa)  of  fishes 
and  ordinary  commercial  pepsin,  Bodansky  and  Rose  found  the  opti- 
mum for  fish  pepsins  to  be  the  same  as  for  mammalian  pepsins  or  pH 
3.0.  The  reports  are  conflicting  as  to  the  presence  of  rennin  and  lipase 
in  the  fish  gastric  juice.  Bodansky  and  Rose  found  rennin  present  in 
the  gastric  mucosa  extract  of  some  species  of  fish,  absent  in  others. 
Some  observers  report  a  high  acidity  in  the  fasting  fish  stomach.  This 
may  be  either  appetite  secretion  or  continuous  secretion. 

Riddle  introduced  Mett's  tubes  directly  into  the  stomach  of  fishes  and 
determined  the  variations  in  the  rate  of  the  gastric  digestion  with  the 
season  and  the  temperature.  He  reports  that  temperature  and  season 
being  the  same,  the  gastric  digestion  in  fishes  is  much  more  rapid  than 
in  frogs  and  turtles. 

3.  Gastric  secretion  in  the  amphibians,  reptiles  and  birds.  Our  knowl- 
edge of  the  gastric  secretion  in  these  animal  groups  is  very  fragmentary', 
despite  the  fact  that  the  earliest  experimental  work  on  gastric  secretion 
and  digestion  appears  to  have  been  done  on  birds  (Reaumur,  1752). 

Spallanzani  found  an  abundance  of  clear  acid  (to  taste)  fluid  in  the 
stomach  of  chickens,  geese  and  falcons. 
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Klug  reported  that  the  gastric  mucosa  of  geese  contained  pepsin, 
and  later  Paria-Mall  and  Braimaier  found  that  the  pepsin  content  of  the 
gastric  glands  is  greatly  reduced  during  digestion  and  rapidly  restored 
in  the  first  hours  of  fasting,  despite  the  evidence  of  continuous  secretion 
in  the  fasting  stomach  (Teichmann).  The  difference  in  the  pepsin 
content  of  the  fasting  and  the  digesting  gastric  mucosa  in  birds  appears 
much  greater  than  in  the  mammal. 

Pepsin  appears  to  be  absent  from  the  mucosa  of  the  crop,  but  proteo- 
lytic digestion  may  go  on  in  the  crop  as  a  result  of  gastric  juice  being 
forced  backward  into  this  organ.  The  frequent  presence  of  bile  in  the 
gastric  juice  of  the  emptj'-  stomach  suggests  duodenal  antiperistalsis 
induced  as  an  acid  reflex  similar  to  that  in  mammals. 

Karpov  made  a  gastric  fistula  in  the  goose  and  secured  gastric  juice 
bj'  sham  feeding.  This  gastric  juice  showed  an  acidity  of  0.30  per  cent 
HCl,  but  was  very  poor  in  pepsin.  Collip  reports  that  extracts  of  the 
chicken  proventriculus  and  duodenal  mucosa  as  well  as  extracts  of  the 
thjToid  cause  secretion  of  gastric  juice  in  the  chicken.  In  chickens  with 
esophageal  fistula,  forced  swallowing  of  water  also  induces  gastric  juice 
secretion.  Kaskowski,  working  on  pigeons  provided  with  gastrostomy^ 
states  that  histamine  given  by  mouth  or  intravenously  docs  not  induce 
gastric  secretion,  while  hypodermic  or  intramuscular  injections  of  the 
drug  are  effective.  Very  large  doses  of  histamine  introduced  directly 
into  the  intestine  also  induce  gastric  secretion. 

Langley  described  the  usual  histological  changes  (decrease  in  granules) 
in  the  gastric  cells  of  the  snake  during  digestion.  Langley  obtained 
little  or  no  pepsin  from  the  mucosa  of  the  pyloric  region. 

Swiecicki  reported  an  abundance  of  pepsin  in  the  esophageal  mucosa 
of  the  frog,  and  this  appears  to  be  substantiated  by  Langloy  and  others 
lx)th  by  histological  and  biochemical  methods.  The  granules  of  the 
gastric  and  esophageal  cells  are  diminished  during  digestion,  but  the 
restoration  of  the  granules  begins  before  the  gastric  digestion  is  com- 
plete.    The  HCl  appears  to  be  secreted  by  the  gastric  glands  only. 

Kiddle  put  Mett's  tubes  directly  into  the  stomach  of  frogs,  sala- 
manders and  turtlcH  and  found  that  the  digestion  rate  was  at  the 
inininium  in  January-March  (hibernating  season),  and  at  its  maximum 
in  midsununcr.  Kiddle's  results  indicate  a  continuous  secretion  of 
gastric  juice  in  the  Htoniach  <liiriiig  the  hilxMiuiting  season,  as  the  method 
of  inv(»tigution  probably  ehrninuted  th(;  app(;tite  secretion  factor,  if 
thJN  mechanism  is  present  below  the  mammals. 
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The  problems  of  nervous  and  hormone  control  of  gastric  secretion 
have  not  been  adequately  studied  in  these  groups.  Boenheim  appears 
to  have  demonstrated  secretion  of  HCl  by  the  excised  gastric  mucosa  of 
the  frog  under  the  influence  of  pilocarpin. 

III.  Secretion  OF  GASTRIC  JUICE  IN  NORMAL  MAMMALS.  A.  Contents 
of  the  "  empty  ^'  stomach.  The  normal  stomach,  empty  of  food,  usually 
contains  some  fluid  and  mucus.  This  fluid  of  the  empty  stomach  is 
made  up  oi  1,  gastric  juice;  £,  saliva;  and  3,  duodenal  contents  (bile, 
pancreatic  juice  and  succus  entericus).  The  chemistry  of  the  contents 
of  the  empty  stomach  depends  on  the  relative  preponderance  of  these 
three  factors.  The  duodenal  juices  are  frequently  absent  from  the 
empty  stomach.  If  the  continuous  gastric  secretion  is  unusually  rapid, 
the  empty  stomach  content  may  approach  the  composition  of  pure 
gastric  juice. 

The  quantity  of  empty  stomach  content  varies  greatly  even  in  ap- 
parently healthy  persons.  Verhagen  reported  as  high  as  50  cc.  with 
an  average  of  10  to  25  cc. ;  Moritz  found  24  to  64  cc. ;  Rehfuss,  Bergheim 
and  Hawk  find  30  to  180  cc.  to  be  within  the  normal  range.  Fowler 
and  Zentmire  found  in  ninety  healthy  women  an  average  gastric  content 
of  50  cc.  The  average  of  several  hundred  observations  on  the  author's 
three  gastric  fistula  cases  (two  adult  men  and  a  girl  of  twelve  all  having 
cicatricial  stenosis  of  the  esophagus)  is  30  cc,  with  variations  of  5  cc.  to 
120  cc.  We  have  occasionally  found  normal  subjects  with  the  stomach 
literally  empty  in  the  morning  before  breakfast.  We  found  on  Mr.  V. 
on  the  whole  the  content  of  the  stomach  greater  in  the  morning  before 
breakfast  than  at  noon  before  lunch.  It  was  also  greater  in  the  summer 
than  during  the  winter  months.  These  variations  are  probably  related 
to  gastric  tonus  and  motility  rather  than  to  the  rate  of  continuous  gastric 
secretion. 

The  acidity  of  empty  stomach  contents  maj^  vary  from  almost  zero  up 
to  full  gastric  juice  acidity.  In  all  three  gastric  fistula  cases  the  figures 
ran  as  follows: 


FREE  ACIDITY  PER  CENT 

TOT.\L 

.4CIDITT  PERCENT 

Low 

High 

Average 

Low 

High 

Avenwe 

Mr.  V 

0.10 
0.09 
0.08 

0.35 
0.36 
0.40 

0.18 
0.20 
0.22 

0.15 
0.20 
0.13 

0.40 

0.42 
0.45 

0  23 

Mr.  E 

0  25 

Miss  C 

0  "^6 
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The  pepsin  concentration  of  the  empty  stomach  content  may  be  higher 
but  is  usually  a  little  lower  than  that  of  pure  gastric  juice. 

B.  The  contifuious  secretian  of  gastric  juice  by  the  fasting  stomach  in 
normal  men  and  animals.  Beaumont  and  Pavlov  appear  to  be  mainly 
responsible  for  the  view  that  in  the  absence  of  food  or  so-called  psychic 
stimuli,  the  gastric  glands  are  quiescent.  The  corollary  to  this,  namely, 
that  secretion  of  gastric  juice  in  the  absence  of  food  or  "  psychic  factors  " 
is  a  pathological  manifestation  has  had  w-ide  acceptance  among  clinicians. 
Both  of  these  views  are  en-oneous.  It  has  been  shown  that  a  more  or 
less  continuous  secretion  of  gastric  juice  in  the  absence  of  food  and  evi- 
dent p)sychic  factors  is  a  normal  phenomenon  both  in  man  and  experi- 
mental animals.  The  complete  rest  of  the  gastric  glands  is  an  exceptional 
state  in  the  healthy  individual  and  does  not  occur  for  long  periods,  even 
in  prolonged  fasting. 

We  have  made  observations  on  three  gastric  fistula  cases  (normal 
persons  except  for  cicatricial  stenosis  of  the  esophagus).  On  one  of 
these  subjects,  Mr.  V.,  the  observations  extended  over  six  years.  In 
this  individual  the  continuous  secretion  varied  from  10  cc.  to  60  cc. 
per  hour.  A  continuous  secretion  was  practically  always  present  also 
in  the  other  two  cases,  but  the  observations  on  them  were  not  so  exten- 
sive. If  the  gastric  juice  is  removed  from  the  stomach  every  10  or  15 
minutes  the  total  secretion  for  the  hour  is  greater  than  if  it  is  removed 
at  longer  intervals.  This  may  be  due  to  passage  of  some  of  the  secretion 
through  the  pylorus. 

The  continuous  secretion  is  true  gastric  juice,  containing  HCl  and 
pepsins.  The  percentage  of  acidity  varies  directly  with  the  secretion 
rate,  but  is  usually  less  than  that  of  appetite  gastric  juice. 

It  may  Ije  objected  that  persons  with  gastrostomy  and  cicatricial 
oHophageal  steno.sis  are  not  normal,  since  thoy  have  a  rubber  tube  in 
the  stomach  cavity.  But  Pavlov  has  shown  that  mcdianical  stimula- 
tion of  the  Ka^tric  mucosa  is  probably  not  a  stimulus  to  gastric  secretion, 
and  it  is  difficult  to  imagine  how  a  cicatricial  stenosis  of  the  esophagus 
not  involving  the  vagi  might  induce  gastric  secretion,  except  by  rcfloxly 
increasing  an  existing  vagus  secretory  tonus.  Moreover,  the  presence 
in  the  Htomach  of  a  rubber  lubr  or  other  colled  ing  dovicos  is  necessary 
even  for  obwirvations  on  the  cmnty  stomach  of  noiiujil  men  and  cxiieri- 
mcntal  animals. 

RchfUAH,  Ik»rglH'ini  ami  llauk  have  reported  many  eases  in  which  the 
gantric  secretion  continued  for  a  half  to  one  and  a  half  hours  after  mII 
the  food  (Kwald  meal)  had  left  the  stomach.    This  secretion  might  be 
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explained  on  the  basis  of  a  slow  absorption  of  gastrin  bodies  produced 
by  the  preceding  meal  or  as  due  to  intestinal  reflexes  acting  on  the  gastric 
glands.  These  factors  should  be  eliminated  when  the  observations  are 
made  in  the  morning  before  breakfast,  that  is,  12  hours  after  the  meal. 
When  this  is  done  in  normal  persons,  using  the  Rehfuss  tube,  we  prac- 
tically never  fail  to  demonstrate  a  continuous  gastric  secretion  of 
relatively  low  acidity,  even  though  the  observation  be  continued  for 
hours.  The  quantity  is  from  30  to  CO  cc.  per  hour.  The  admixture  with 
swallowed  saliva  is  difficult  to  control;  duodenal  regurgitation  is  also 
a  disturbing  factor.  But  the  continuous  gastric  secretion  is  so  univer- 
sally present  in  normal  persons  that  controls  must  be  run  on  this  factor 
in  all  accurate  studies  of  gastric  secretion. 

The  continuous  gastric  secretion  is  usually  also  in  evidence  in  dogs 
with  a  Pavlov  stomach  pouch.  This  is  denied  by  Bickel  and  Rhein- 
boldt,  but  it  has  been  demonstrated  in  our  laboratory  in  the  several 
lines  of  study  of  gastric  secretory  factors  in  such  animals,  particularly 
if  the  animals  are  in  good  condition.  At  times  the  secretion  appears  to 
be  mainly  mucus  and  pepsin,  free  HCl  being  absent. 

Bickel  has  demonstrated  a  continuous  gastric  secretion  in  the  goat. 
This  will  probably  be  found  true  for  all  the  ruminants.  Schalk  studied 
the  secretion  of  a  Heidenhain  pouch  of  the  true  stomach  of  the  goat. 
The  secretion  was  continuous  even  in  prolonged  absence  of  food.  Three 
72-hour  fasting  periods  were  run.  In  the  first  period  17  one-hour  records 
were  taken  with  an  average  secretion  rate  of  7  cc.  In  the  second  period 
25  one-hour  records  showed  an  average  secretion  rate  of  8.5  cc.  At  the 
end  of  the  third  fasting  period  the  secretion  rate  was  down  to  3.5  cc. 
per  hour,  but  equally  low  rates  were  sometimes  noted  on  days  when  the 
goat  had  a  full  supply  of  food.  The  acid  and  pepsin  of  the  gastric  juice 
on  the  fasting  days  showed  no  deviation  from  the  normal. 

It  is  clear,  however,  that  accurate  studies  of  secretory  factors  even  in 
Pavlov  pouch  dogs  must  include  controls  on  the  continuous  secretion. 
The  term  "continuous"  should  not  be  misunderstood  in  this  connection. 
The  secretion  is  usually  not  uniform  in  rate  but  the  periodicity  of  the 
continuous  secretion  is  less  marked  than  the  periodicity  of  the  motor 
phenomena  in  the  empty  stomach. 

C.  The  continuous  gastric  secretion  in  prolonged  fasting.  Pavlov  re- 
ported that  the  secretion  of  gastric  juice  on  sham  feeding  in  a  prolonged 
fast  ceases  after  eight  or  nine  days  unless  NaCl  is  given  in  the  drinking 
water.  If  the  NaCl  is  sufficient  the  fasting  itself  is  reported  as  not 
materially  influencing  the  quantity  or  the  quality  of  the  appetite  gastric 
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juice.  Bold\TefiF,  using  dogs  with  gastric  and  intestinal  fistulae,  found 
that  after  24  houi's  of  fasting  the  gastric  glands  begin  to  secrete  an 
abundance  of  juice  periodically,  and  after  3  to  4  days  of  fasting  the  gastric 
secretion  becomes  continuous  and  so  abundant  as  to  inhibit  the  motility 
of  the  fasting  stomach.  Carlson  found  in  man,  fasting  for  5,  8  and  15 
days,  no  significant  change  in  the  rate  of  continuous  secretion. 

The  acidity  of  the  continuous  secretion  showed  on  the  whole  a  slight 
increase  with  the  duration  of  the  fast,  and  with  this  appeared  a  greater 
frequency  of  regurgitation  of  intestinal  content  into  the  stomach.  This 
continuous  secretion  is  greatly  augmented  over  a  long  period  on  breaking 
the  fast.  This  has  recently  been  confirmed  by  Kunde  on  Pavlov  pouch 
dogs.  Sutherland  studied  the  continuous  secretion  in  fasting  dogs 
provided  with  Pavlov  and  Heidenhain  stomach  pouches.  He  reports 
persistence  of  the  secretion,  with  some  periodic  variations  in  the  secre- 
tion rate  throughout  the  fast.  He  found  a  gradual  decrease  in  the 
quantity  of  the  secretion  unless  NaCl  was  given  with  the  drinking  water. 
Hess  and  Taylor  have  reported  a  continuous  secretion  of  gastric  juice 
in  the  newborn  infant  before  ingestion  of  food.  Taylor  gives  the 
quantity  as  60  to  200  cc.  in  24  hours.  In  the  guinea  pig  there  may  be 
demonstrated  a  continuous  secretion  of  gastric  juice  during  late  intra- 
uterine life  (Sutherland). 

Politzer  reports  marked  secretion  of  gastric  juice  before  the  first 
feeding  in  100  human  infants.  He  suggests  that  swallowed  amniotic 
fluid  may  be  the  stinuilus  to  this  secretion. 

The  mechanism  or  the  cause  of  the  continuous  gastric  secretion  is 
unknown.  It  is  probably  not  appetite  or  psychic  secretion,  as  this  term 
is  ordinarily  understood.  It  nuiy  be  a  subconscious  secretory  tonus  of  the 
vagi,  in  which  case  the  secretion  should  cease  on  double  vagotomy. 
But  this  is  not  the  ca.so.  We  may  have  secretogogues  produced  in  the 
autmligestion  of  the  gastric  juice  itself,  as  well  as  by  the  digestive  and 
bacterial  processes  in  the  intestines.  Jarno  and  Hik  think  that  the 
secretion  follows  periods  of  gastric  hunger  contractions.  Itis  well  known, 
however,  that  the  secretion  may  p(>rsist  during  the  gastric  hunger 
contraction  i>eiiod  as  well  as  during  the  period  of  motor  quiescence. 

Luckhardt  and  .lohnstom;  have  recently  fomid  that  the  continuous 
gastric  Hecretion  in  nuiti  is  augmented  on  the  induction  of  hypnotic 
sleep.  A  similar  augmentation  will  probably  be  found  to  occur  in  normal 
sleep.  This  seems  to  indicate  an  inhibitory  tonus  (via  the  vagi?)  on  the 
gastric  glands,  .similar  to  that  found  by  Carlson  for  the  ga-stric  motor 
mechanism.     These  recent  observations  of  Luckhardt  iind  .lohnslonc 
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seem  to  demand  a  re-investigation  of  inhibitory  secretorj'  nerves  to 
the  gastric  gland,  the  existence  of  which  Pavlov  thought  he  had 
demonstrated. 

D.  The  appetite  secretion  of  gastric  juice.  1.  Active  secretion  of 
gastric  juice  in  the  dog  on  seeing  food  was  recorded  by  Bidder  and 
Schmidt  in  1852,  and  in  1878  Richet  observed  gastric  secretion  in  man  on 
tasting  various  foods.  But  it  remained  for  Pavlov  and  his  pupils  to 
work  out  in  greater  detail  this  secretory  mechanism  by  his  classical 
experiments  on  dogs.  Subsequent  to  Pavlov's  researches,  a  number  of 
investigators  have  worked  on  men  with  gastric  fistulae  and  stenosis  of 
the  esophagus,  conditions  that  closely  parallel  Pavlov's  experimental 
animals  (Kaznelson,  Hornborg,  Umber,  Bogen,  Sick,  Carlson,  etc.). 
The  following  points  seem  definitel}'^  established  for  man,  monkeys, 
dogs  and  cats. 

1.  Seeing,  smelling  and  tasting  of  food  induce  gastric  secretion,  pro- 
vided the  state  of  hunger  and  appetite  is  present.  It  is  therefore  a 
conditioned  reflex  (Bogen,  Bickel).  Tasting  the  food  appears  to  be  the 
most  potent  stimulus  in  most  individuals;  seeing  and  smelling  the  food 
may  be  without  effect  in  some  persons. 

2.  The  vagi  nerves  constitute  the  sole  efferent  paths  of  this  reflex. 
But  direct  stimulation  of  the  vagi  nerves  yields  little  or  no  secretion  of 
gastric  juice,  possibly  because  of  the  presence  of  nerve  fibers  that  in- 
hibit the  gastric  secretion  (Pavlov). 

3.  The  mere  act  of  chewing  indifferent  substances,  and  the  stimulation 
of  the  nerve  endings  in  the  mouth  by  substances  other  than  those  directly 
related  to  food,  causes  no  secretion  of  gastric  juice. 

4-  Sham  drinking  of  water  on  the  part  of  the  thirsty  animal  starts 
secretion  of  gastric  juice  (Carlson,  Orr  and  Brinkman).  This  may  be 
be  due  to  a  close  association  of  the  cerebral  processes  of  hunger  and 
thirst.  Thirst  may  also  have  an  inhibitory  action  on  gastric  secretion 
due  to  the  concentration  of  the  blood,  as  well  as  to  the  subjective  proc- 
esses of  the  feeling  of  discomfort. 

5.  Appetite  secretion  of  gastric  juice  seems  to  be  absent  in  adult 
ruminants  (Bickel) .  If  this  is  true  it  is  probably  a  secondary  adaptation 
or  loss  during  the  growth  of  the  individual.  It  would  seem  that  the 
mechanism  would  be  as  essential  or  useful  to  the  sucking  calf  as  to  the 
sucking  infant.  Appetite  secretion  of  gastric  juice  in  the  adult  rumi- 
nants may  be  induced  by  the  second  mastication  only. 

2.  The  latent  period  of  the  appetite  secretion  is  about  4  to  5  minutes 
in  the  dog  (Pavlov).     In  man  the  latent  period  is  shorter,  especially  if 
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the  gastric  glands  are  in  a  state  of  relatively  active  continuous  secretion 
(Carlson).  In  the  dog  after  24  houi's'  fast,  sham  feeding  for  5  min- 
utes may  initiate  gastric  secretion  lasting  for  4  to  6  hours  (Pavlov, 
Rosemann).  In  man  the  appetite  secretion  is  more  transitory,  usually 
ceasing  within  15  to  20  minutes  after  completion  of  mastication 
(Carlson), 

3.  The  rate  of  the  appetite  gastric  secretion  varies  directly  with  the 
palatability  of  the  food,  and  the  degree  of  hunger  and  appetite.  The 
maximum  secretion  rate  in  large  dogs  is  reported  as  4  to  8  cc.  per  minute 
(Konowaloff ,  Rosemann) .  In  an  adult  man  Carlson  found  the  appetite 
gastric  juice  secretion  rate  to  be  on  the  average  3.5  cc.  per  minute,  the 
lowest  being  1.5  cc.  per  minute,  the  highest  11  cc.  per  minute.  There  is 
probably  a  great  variation  in  this  secretion  rate  even  among  normal 
individuals. 

The  quality  of  the  appetite  gastric  juice  depends  on  the  secretion  rate, 
and  is  independent  of  the  character  of  the  food. 

4.  We  have  several  reports  on  the  secretion  of  gastric  juice  in  man 
induced  by  hypnotic  suggestion.  This  phenomenon  involves,  of  course, 
the  nervous  secretory  mechanism.  Bennet  and  Venable  (using  the 
Rehfuss  tube  in  hypnotized  subjects)  found  that  suggesting  hunger, 
food  and  eating  caused  secretion  of  gastric  juice,  while  suggesting  nausea 
depresses  the  gastric  secretion.  Heyer  aspirates  the  gastric  juice  in 
hypnotized  persons  by  means  of  a  N^laton  catheter,  and  reports  that 
on  suggesting  the  eating  of  a  meal  there  is  a  marked  increase  of  the  gastric 
secretion.  This  is  a  kind  of  sham  feeding.  Heyer  reports  also  that 
suggesting  pleasant  or  unpleasant  experiences  depresses  this  gastric 
secretion.  This  depression  is  most  marked  with  the  unpleasant 
suggestion. 

Luckhardt  and  Johnstone,  in  our  laboratory,  have  found  that  sug- 
gesting the  eating  of  the  meal  to  suitable  hypnotized  subjects  produces 
as  copious  gastric  secretion  as  the  mastication  (and  spitting  out)  of  a 
similar  meal  when  the  person  is  awake.  The  gastric  secretion  induced 
by  the  suggestion  of  eating  in  the  state  of  hypnosis  is  very  transitory. 
Needless  to  say  that  in  these  experiments  the  continuous  secretion  factor 
was  carefully  controlled. 

In  this  work  Luckhardt  and  Johnstone  discovered  a  fact  that  seems  to 
be  of  fundatncntul  iiiii)<)rtanco  in  regard  to  \\w.  nature  of  the  nervous 
control  of  the  gHHtric  glands.  They  found  that  the  continuous  gastric 
secretion  is  invariably  increased  by  the  state  of  hypnosis  itself,  and  in  the 
absence  of  all  HiiggeHtionH  of  food.     This  fact  points  to  an  inhibitory 


GASTRIC   SECRETION  15 

nervous  tonus  acting  on  the  gastric  glands  in  the  waking  state,  unless  the 
inhibition  should  be  central  (central  depression  of  the  vagi  secretorj^  fibers) . 
It  is  probable  that  normal  sleep  likewise  increases  gastric  secretion,  just 
as  normal  sleep  increases  the  tonus  and  contractions  of  the  stomach. 
According  to  Tomaszewski,  there  is  a  paralytic  secretion  or  hj^persecre- 
tion  in  the  Heidenhain  gastric  pouch  for  the  first  7  to  10  days.  It  will 
be  recalled  that  the  gastric  vagi  fibers  to  this  pouch  are  severed.  Bickel 
and  Rheinboldt  also  describe  a  continuous  secretion  in  the  Heidenhain 
pouch  but  not  in  the  Pavlov  pouch.  These  new  facts  give  an  additional 
incentive  for  renewed  investigation  of  the  mechanisms  of  inhibition  of 
the  gastric  glands. 

5.  The  significance  of  the  appetite  secretory  mechanism  in  normal 
digestion  is  not  clear.  Pavlov  identifies  it  with  appetite  and  argues 
that  both  appetite  and  gastric  secretion  arc  necessary  for  the  initiation 
of  normal  digestion.  Some  of  his  experiments  on  dogs  seem  to  support 
this  prevalent  view.  However,  double  vagotomy  in  dogs  does  not 
seriously  impair  digestion,  administration  of  alkali  in  man  to  the  point 
of  complete  neutralization  of  the  gastric  juice  acidity  does  not  seem  to 
impair  digestion,  and  all  the  appetite  secretion  induced  by  the  normal 
mastication  of  a  meal  in  man  maj^  be  removed  from  the  stomach  before 
admitting  the  food  (via  gastrostomy)  without  impairing  digestion  or 
delaying  the  emptying  of  the  stomach  (Carlson).  If  the  mechanism  is 
not  necessary  for  health,  it  is  at  least  a  factor  of  safety.  But  the 
continuous  gastric  secretion  is  sufficient  to  initiate  gastric  digestion. 
This  new  aspect  of  the  appetite  gastric  secretion  minimizes  the  impor- 
tance of  therapeutic  measures  that  are  supposed  to  induce  or  augment 
the  appetite  gastric  secretion. 

E.  Appetite  gastric  secretion  in  the  newborn.  Practically  all 
observers  agree  that  at  birth  the  gastric  mucosa  of  mammals  is  suffi- 
ciently differentiated  to  secrete  normal  gastric  juice,  except  possibly  for 
a  slightly  lower  acidity  and  ferment  concentration.  The  prematurely 
born  infant  secretes  gastric  juice  (Politzer).  In  dogs  and  cats  tlie  gas- 
tric glands  respond  to  gastrin  when  the  fetus  is  within  a  few  days  of 
term,  and  in  the  guinea  pig  there  may  be  spontaneous  secretion  of  gastric 
juice  in  utero  (Sutherland).  But  the  question  whether  in  the  newborn 
mammal  the  appetite  gastric  secretory  mechanism  is  already  perfected 
is  still  open.  Cohnheim  and  Soetbeer  report  secretion  of  gastric  juice 
in  newborn  pups  on  sham  feeding  and,  on  nursing  dry  breasts.  Noete- 
mann  reported  appetite  gastric  secretion  in  a  3^-year  old  child  with 
gastric  fistula  and  stenosed  esophagus.     Bogen's  negative  results  might 
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have  been  due  to  so-called  psychic  inhibition.  Taylor's  work  on  numer- 
ous human  infants  seems  carefully  controlled,  and  he  concludes  that  the 
appetite  gastric  secretory  mechanism  is  not  developed  or  functional  in 
the  newborn.  If  this  is  correct  there  remains  to  be  determined  at  what 
age  this  mechanism  becomes  functional  in  man,  and  work  should  be  done 
to  determine  the  first  appearance  of  the  mechanism  in  the  lower  animals. 
The  appetite  secretion  mechanism  in  the  newborn  ruminant  should 
be  investigated,  in  view  of  the  report  that  it  is  not  functional  in  adult 
ruminants  (Bickel). 

F.  The  secretion  of  gastric  juice  induced  by  food  in  the 
STOMACH  AND  INTESTINES.  1 .  Direct  mechajiical  factors.  Supported  by 
Beaumont's  experiments  on  Alexis  St.  Martin,  the  view  that  the  me- 
chanical stimulation  of  the  gastric  mucosa  by  foods  induced  secretion 
of  gastric  juice  was  generallj'^  accepted.  Pavlov's  experiments  on  dogs 
seem,  indeed,  convincing  enough  in  eliminating  this  mechanical  factor. 
But  I  do  not  believe  that  the  matter  is  definitely  settled.  To  be  sure, 
in  man  and  most  of  the  higher  animals  the  cells  that  secrete  the  gastric 
juice  (apart  from  the  gastric  mucin)  are  situated  so  far  away  from  the 
main  cavity  of  the  stomach  that  mechanical  contact  of  the  solid  food 
particles  with  these  cells  is  out  of  the  question.  But  this  does  not  ex- 
clude the  possibihty  of  the  food  acting  mechanically  through  reflex 
mechanism.  This  possibility  is  not  even  excluded  by  the  fact  that  the 
Heidenhain  and  the  Pavlov  accessory  stomachs  secrete  gastric  juice 
when  food  is  present  in  the  main  stomach,  for  it  is  very  difficult  to  sever 
all  nerve  connections  with  these  stomach  pouches  without  interfering 
with  the  blood  supply.  Such  mechanical  stimuli  as  sand  blasts,  test 
tube  brushes  or  glass  rods  applied  to  the  gastric  mucosa  may  not  be 
adequate.  They  may,  indeed,  be  violent  enough  to  induce  reflex 
inhibition  of  the  gastric  secretion. 

Pavlov  has  advanced  the  view  that  mechanical  stimulation  by  the 
food  of  the  .sensory  nerve  endings  in  the  gastric  mucosa  may  iiiduco  the 
conscious  sensation  of  appetite  and  thus  througli  a  central  reflex  inckice 
gastric  secretion.  Some  experimental  evidence  is  cited  in  its  support, 
but  the  view  is  at  the  most  a  working  hypothesis,  with  most  of  the  work 
yet  to  be  done. 

f.  The  action  of  water.  Heidenhain,  and  Pavlov  and  his  pupils 
showed  that  water  in  the  stomach  excites  the  secretion  of  gastric  juice 
under  cxix»riinental  conditions  that  seem  to  exclude  the  |)sychic  or 
appetite  mechanism.  The  fact  itself  has  been  confirmed  both  on  man 
and  experimnntHJ  animaJH  by  a  number  of  subsequent  investigators. 
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The  literature  is  reviewed  by  Ivy  and  Sutherland.  These  authors, 
working  in  our  laboratory,  have  endeavored  to  determine  the  mech- 
anism of  this  water  stimulation.  Sutherland  found  that  water  and 
salt  solutions  (iso-,  hypo-  and  hypertonic)  stimulate  the  gastric  glands. 
Water  introduced  directly  into  the  intestines  stimulates  gastric  secretion 
but  to  a  less  extent  than  does  the  same  quantity  of  water  in  the  stomach. 
Water  given  per  rectum  has  little  or  no  effect  on  the  gastric  glands,  but 
Heyer  has  recently  reported  that  distention  of  the  rectum  b}'  enemas 
causes  a  reflex  secretion  of  gastric  juice.  This  needs  confirmation  and 
analysis.  Food  in  the  alimentary  canal  increases  the  gastric  response 
to  water  introduced  in  the  stomach  or  intestines.  Ivy  found  that  there 
is  great  variation  in  the  gastric  response  to  water  in  different  indivi- 
duals, and  that  on  the  whole  the  longer  the  water  remains  in  the  stomach 
the  greater  the  gastric  secretion. 

Walenko  reports  that  intravenous  injections  of  hypertonic  salt  solu- 
tions induce  secretion  in  the  Pavlov  pouch,  and  depresses  the  secre- 
tion in  the  Heidenhain  pouch,  explaining  the  latter  by  direct  osmosis, 
the  former  by  osmotic  stimulation  of  the  nervous  secretory  mechanism. 

The  response  of  the  gastric  glands  to  intravenous  injections  of  water 
and  salt  solutions  is  probably  an  instance  of  the  general  tissue  action  in 
controlling  hydremias.  It  seems  also  probable  that  water  in  the  stomach 
and  intestines  may  augment  gastric  secretion  by  a  more  rapid  absorption 
of  secretogogues. 

8.  The  periphei-al  action  of  proteins,  carbohydrates  and  fat.  Under 
experimental  conditions  excluding  the  appetite  secretion,  so  far  as  this 
is  possible,  as  well  as  the  entrance  of  the  foodstuffs  into  the  intestines, 
Pavlov  and  his  pupils  reported  that  meat  extracts  and  fatty  acids  in- 
duced gastric  secretion  after  a  long  latent  period  (15  to  30  minutes). 
Proteins  in  bread,  raw  or  coagulated  egg  white,  and  meats  extracted  by 
boiling  caused  practically  no  gastric  secretion,  a  slight  secretion  appear- 
ing after  a  latent  period  of  more  than  an  hour,  and  explained  by  Pavlov 
as  due  to  secretogogues  developed  in  the  course  of  the  digestion  of  these 
substances.  Pure  carbohydrates  induced  no  gastric  secretion.  Fats  by 
themselves  had  no  effect,  but  given  with  meat  or  meat  extracts  the  fats 
depressed  both  the  appetite  and  the  local  or  ''hormone"  secretion. 
Fatty  acids  stimulate  the  gastric  gland,  but  Pavlov  stated  that  hydro- 
chloric acid  itself  tends  to  inhibit  the  gastric  glands,  and  he  sees  in  this 
a  kind  of  autoregulative  mechanism  of  the  secretion. 

According  to  Pavlov  and  his  pupils  meat,  meat  extracts  or  digested 
egg  white  have  very  little  effect  when  introduced  into  the  duodenum, 
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and  no  effect  when  introduced  into  the  large  bowel  or  parenterally. 
The  fats  inliibit  gastric  secretion  even  when  introduced  into  the  duo- 
denum but  this  inhibition  is  decreased  by  section  of  the  vagi  (Orbeli). 
These  investigators  also  report  that  bile  and  duodenal  secretion,  intro- 
duced into  the  stomachs  stimulate  the  gastric  glands. 

These  facts,  based  on  experiments  on  dogs,  have  in  the  main  been 
confirmed  by  subsequent  observers  both  on  man  and  experimental 
animals.  The  chnical  literature  is  conflicting  in  regard  to  the  effects 
on  the  gastric  secretion  of  nutrient  enemata,  the  discrepancies  being 
probably  due  to  failure  to  control  the  continuous  and  the  appetite  secre- 
tion, and  the  uncertainties  of  the  ordinary  chnical  examination  of  gastric 
content.  The  main  effort  in  the  field  in  recent  years  has  been  attempts 
to  work  out  the  mechanism  of  this  apparent  local  action  of  some  of  the 
food  substances  on  the  gastric  glands. 

Pavlov  took  the  view  that  it  was  a  reflex  mechanism,  there  being 
efferent  nerve  endings  of  specific  sensibility  in  the  gastric  mucosa. 
Popielski  showed  that  we  are  not  deahng  with  long  reflexes,  because  the 
phenomenon  persists  after  isolation  of  the  stomach  from  the  central 
nervous  system.  On  the  basis  of  this  fact  Popielski  proposed  the  theor}' 
of  local  reflex  mechanisms.  This  theory  has  so  far  neither  been  proved 
nor  disproved,  but  it  is  at  present  relegated  to  the  background  by  the 
gastrin  theory.  This  theory  was  initiated  by  the  work  of  Edkins,  who 
thought  he  had  demonstrated  a  specific  gastric  secretogogue  in  the 
pyloric  nmcosa.  The  gastrin  theory  postulates  that  substances  either 
in  the  native  foods  or  developed  in  the  gastric  digestion  of  foods,  act 
on  the  pyloric  mucosa  in  such  ways  that  a  gastric  secretogogue  is  pro- 
duced, this  is  in  turn  absorbed  into  the  blood  and  acts  on  the  fundic 
glands  via  the  blood. 

Xow,  what  are  facts?  In  the  first  place,  the  alleged  fact  that  meat 
extracts,  or  the  end  products  of  gastric  digestion  of  proteins  fail  to  cause 
gastric  wcrotion  when  administered  parenterally  seems  to  support  the 
theory  to  the  cxUmt  that  it  eliminates  the  possibilities  of  secretogogues 
or  gastrins  in  the  food  itself.  We  said  "alleged  facts,"  because  more 
recent  work  lias  shown  that  gastric  secretogogues  or  gjistrins  can  be 
obtained  from  a  variety  of  plant  and  animal  tissues  by  hydrochloric  acid 
extraction.  'J'hc  same  chemical  procedure  has  shown  their  presence 
in  the  mixed  foods  of  the  ordinary  meal.  Frouin  Hccnired  gastric  secre- 
tion l)0tii  on  ingestion  and  on  hypodermic  injocition  of  gastric  juice. 
Ki-^.Hcloff  reports  gastric  secretion  on  intravenous  injection  of  watery 
extracts  of  strawberry,  lettuce  and  spinach.     Eisenhardt  secured  secro- 
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tion  in  the  denervated  Pavlov  pouch  on  subcutaneous  injection  of 
extracts  of  meat,  digested  bread,  extract  of  spinach  and  normal  (entire 
stomach)  gastric  juice.     Injection  of  fundic  juice  gave  no  secretion. 

But  on  the  positive  side  of  the  theory  it  has  been  shown  that  Edkins' 
experimental  methods  were  so  faulty  that  nothing  can  be  concluded 
from  his  results  (Ivy).  The  work  of  Gross  supports  the  gastrin  theory 
in  so  far  as  he  found  that  meat  extract  caused  gastric  secretion  when 
brought  in  contact  with  the  pyloric  mucosa.  Gross'  findings  are  directly 
contradicted  by  Ivj^  who  used  better  experimental  methods.  Ivy 
isolated  the  antrum  pjdori  in  Pavlov  pouch  dogs,  and  united  the  stomach 
with  the  duodenum.  These  dogs  remained  in  good  health  over  long 
periods.  Ivy  reported  that  substances  hke  gastric  juice,  i^  HCl,  Koch's 
gastrin,  dextrose,  peptone,  fresh  meat  extract  and  Liebig's  meat  extract 
when  kept  in  contact  with  the  pyloric  mucosa  for  an  hour  or  more,  have 
no  effect  on  the  gastric  (fundic)  glands.  This  would  be  an  experimenlum 
crucis,  completely  overthrowing  the  gastrin  theory  in  its  present  form, 
provided  we  could  feel  certain  that  the  pyloric  mucosa  was  normal. 
Ivy  showed  that  some  of  the  pyloric  mucosa  functions  (e.g.,  secretions, 
absorption)  remained  normal. 

The  work  of  Popielski,  Ehrmann,  Ensman,  Eisenhardt,  May  dell, 
Tomaszewski,  Kissiloff,  Koch,  Luckhardt,  Keeton,  Rogers  and  Fawcett 
and  others  has  demonstrated  that  a  gastric  secretogogue  can  by  suitable 
means  be  secured  not  only  from  the  pyloric  mucosa  but  from  the  mucosa 
of  the  entire  alimentary  tract,  and  from  such  organs  as  the  liver,  the 
thyroid,  plant  tissues,  etc.  This  has  recently  been  denied  by  Lim,  on 
basis  of  acute  experiments  on  dogs  under  chloroform  anesthesia.  Neg- 
ative results  on  anesthetized  dogs  cannot  be  used  to  contradict  positive 
results  on  Pavlov  pouch  dogs. 

Luckhardt  has  recently  shown  that  gastrin  (or  the  gastrins)  is  not 
specific  for  the  gastric  gland,  since  it  stimulates  both  the  stomach  and  the 
pancreas.  The  pancreatic  secretin  of  Bayliss  and  Starling  likewise  stim- 
ulates both  the  pancreas  and  the  stomach.  It  seems  highly  probable  from 
present  data  that  the  gastrins  are  artefacts  developed  in  the  decomposi- 
tion of  the  foods,  or  in  the  extraction  of  the  mucosa  and  do  not  repre- 
sent physiological  mechanisms.  They  are  all  without  action  when 
given  by  mouth. 

The  action  of  the  gastrin  on  the  stomach  is  decreased  but  not  com- 
pletely stopped  by  atropin.  We  have  thus  an  antagonistic  action  similar 
to  that  between  pilocarpin  and  atropin.  The  gastrins  probably  belong 
to  the  pharmacology  rather  than  to  the  physiology  of  gastric  function. 
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The  gastrins  act  more  efifectively  on  In^podermic  and  intramuscular 
than  on  intravenous  injection.  There  is  some  evidence  that  the  gastrins 
are  rapidly  destroj-ed  by  the  liver  (Bickel,  Djenah). 

The  chemistry  of  the  gastrins.  Popielski  endeavored  to  prove  that  the 
gastrins  (and  secretins)  were  identical  with  the  vasodilatins,  the  gland 
activity  being  a  secondarj-  effect  of  the  capillary  dilatation.  This  view 
has  neither  been  conclusively  proved  nor  disproved.  But  Luckhardt 
has  recently  shown  that  vasodilator  substances  do  not  necessarily  initiate 
gland  action.  Histamine  is  a  general  secretogogue,  and  Popielski  has 
advanced  the  view  that  this  is  the  active  substance  in  organ  extracts. 
The  studies  of  Koch,  Luckhardt  and  Keeton  indicate  that  gastrin  is  an 
imidazol  derivative,  like  histamine  and  pilocarpin.  They  were  able  to 
separate  histamine  and  gastrin  bj'  chemical  means,  which  seems  to  show 
that  they  are  different  substances. 

The  gastrin  theory  may  be  conect  but  all  the  evidence  on  which  it  is 
based  appears  to  have  been  completely  disproved.  If  the  theory  is 
correct,  the  real  gastrin  has  so  far  eluded  direct  detection  and  the  whole 
subject  of  how  the  foods  in  the  gut  cause  secretion  of  gastric  juice  must 
be  re-investigated.  The  possible  reflex  factors  have  been  neglected  in 
recent  years.  The  inhibition  of  the  appetite  secretion  in  the  Pavlov 
pouch  by  fats  in  the  stomach  or  in  the  intestine  can  hardly  be  explained 
on  any  other  basis  than  as  a  reflex  inhibition.  And  if  we  have  inhibitory 
nervous  reflexes  from  wide  areas  of  the  gastro-intestinal  mucosa  to  the 
fundic  glands,  it  is  not  probable  that  excitatory  reflexes  arc  absent. 
Toinaszewski  thinks  the  secretogogues  of  meat  (gastrins)  act  on  local 
reflex  mechanisms  or  directly  on  the  gland  cells.  Tiie  latter  possibility 
is  eliminated  by  the  fact  that  all  the  gastrins  are  without  action  wlien 
given  by  mouth. 

Gastric  secretion  frinn  foods  in  the  smaU  intestines.  According  to 
Pavlov  and  his  pupils,  the  foods  that  have  a  marked  stimulating  action 
on  the  gastric  glands  when  in  the  stomach  have  little  or  no  action  when 
introduced  into  the  intestines.  These;  results  have  been  contradicted, 
at  least  in  part,  by  later  investigators.  Tomaszewski  states  introduction 
of  p(>ptoncs  into  the  intestines  causes  secretion  of  gastric  juice  if  Ww  vagi 
are  intact. 

Ivy  has  recently  studied  this  question  with  improved  technique. 
The  dogs  are  provided  with  a  Pavlov  pouch  and  a  fistula  of  the  duo- 
denum, the  jcjumnn  U'liig  sutured  to  the  pyloric  cud  of  the  stomach. 
ThoMc  dof(H  remain  in  good  oondition.  Meat  extract,  gastric  juice  and 
hydrochloric  nri<l  induce  wcrotion  of  gastric  juice  ufteru  Ijileiil  period 


GASTRIC    SECRETION  21 

of  30  to  45  minutes.  Digested  meat  and  Leibig's  meat  extract  are 
without  effect.  Butyric  acid,  alcohol,  glycerine,  soaps  and  spinach 
extract  in  the  duodenum  hkewisc  induce  gastric  secretion.  Glucose, 
olive  oil  and  mustard  oil  are  inefifective.  Gastric  secretion  is  induced 
by  NaCl  (10  per  cent)  but  not  by  Na^COs. 

The  secretioji  of  the  glands  in  the  pyloric  antrum.  The  gastric  secretion 
discussed  in  the  foregoing  section  is  that  of  the  fundus  or  cardiac  end  of 
the  stomach.  In  the  mammals  (excepting  the  ruminants)  the  pyloric 
mucosa  secretes  neither  HCl  nor  pepsin.  The  pyloric  secretion  is 
alkaline,  and  is  not  increased  by  the  various  foods  and  secretogogue 
factors  that  stimulate  the  fundic  glands.  The  literature  is  reviewed 
by  Ivy  (1921). 

4.  The  influence  of  adds,  alkalis,  salts,  food  condiments,  alcohol  and 
bitter  "tonics"  on  the  gastric  secretion.  (1)  We  have  seen  that  acids 
(HCl,  fatty  acids,  normal  gastric  juice)  appear  to  induce  gastric  secre- 
tion acting  both  from  the  stomach  and  the  small  intestines.  The  action 
of  alcohol  seems  also  clear  as  to  the  fact  itself  in  that,  however  ad- 
ministered (per  OS,  per  rectum  or  parenterally)  it  excites  the  gastric 
gland  (Chittenden  et  al.,  Chiari,  Zitowitsch,  Kast).  The  mechanism  of 
this  action  is  not  definitely  worked  out.  It  may  be,  in  part,  a  central 
depression  of  the  inhibitory  tonus  governing  the  gastric  glands  in  the 
normal  animal.  If  this  is  the  case  alcohol  should  have  much  less  action 
on  the  Heidenhain  pouch  as  compared  to  the  action  on  the  Pavlov  pouch. 
Ehrmann's  observations  do  not  support  this  view. 

(2)  The  present  information  on  the  influence  of  acids  in  the  gut  on  the 
gastric  glands  is  both  scanty  and  conflicting.  Ivy  obtained  no  effect 
from  acids  in  the  antrum  pylori,  but  acids  in  the  duodenum  caused  some 
secretion  in  the  stomach  after  a  long  latent  period.  Pavlov  claimed  that 
acids  in  the  stomach  tend  to  inhibit  gastric  secretion,  and  Carlson  found 
in  man  that  frequent  removal  of  the  continuous  secretion  yields  a  greater 
total  secretion  per  hour  than  hourly  aspirations.  Pavlov's  view  seems 
to  be  contradicted  by  the  copious  secretion  of  gastric  juice  in  pyloric 
obstruction  in  man. 

(3)  Pavlov  and  his  pupil  Chigin  state  that  NaCl  has  little  or  no  in- 
fluence, while  Na2C03  in  the  stomach  depresses  gastric  secretion. 
Subsequent  work  in  this  field,  mainly  with  the  alkalis,  has  yielded  very 
discordant  results.  Lonnquist,  Rosenblatt,  and  Bickel  found  that  NaCl 
stimulated  gastric  secretion.  Most  of  the  observers  (Rosenblatt, 
Ehrmann,  Chiari,  Hirsheimer,  Bickel)  report  a  depression  of  gastric 
secretion  by  the  NaHCOs.  Others  class  the  NaHCOs  as  a  gastric 
stimulant. 
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Most  of  these  observations  were  made  on  dogs  with  accessory  gastric 
pouches.  Observations  on  man  using  the  fractional  analysis  have  not 
^^elded  conclusive  results  (Crohn).  Boj^d,  working  on  Pavlov  pouch 
dogs  in  the  author's  laboratory,  found  that  CaCOs  and  NaHCOs  usually 
stimulate  gastric  secretion  imtil  the  quantity  of  alkaline  administered 
(1.5  gr.  or  more  per  kilo  body  in  2  hours)  induces  nausea  and  vomiting. 
This  depresses  the  secretion.  This  dose  corresponds  to  about  100  grams 
NaHCOs  given  per  os  to  an  average  adult  person  in  the  course  of  2 
hours.     Boyd's  experiments  were  carefully  controlled. 

The  practical  interest  in  the  action  of  alkalis  on  gastric  secretion  lies 
in  the  extensive  use  of  carbonated  drinks,  and  in  their  extensive  clinical 
use  to  control  gastric  acidity  and  hypersecretion,  especially  in  gastric 
and  duodenal  ulcers.  It  would  seem  that  we  have  been  using  gastric 
secretogogues  to  control  and  depress  gastric  secretion.  Of  course,  if 
enough  of  the  alkalis  are  given,  and  if  they  remain  long  enough  in  the 
stomach  (there  are  reports  in  the  literature  to  the  effect  that  alkalis  hasten 
gastric  evacuation)  the  direct  neutralization  may  more  than  counteract 
the  secretogogue  effects. 

The  mechanism  of  the  salt  and  alkali  action  on  the  gastric  gland 
activity  has  not  Ijeen  satisfactorily  worked  out,  despite  its  practical 
importance.  Ehrmann  states  that  NaHCOs  and  NaCl  have  no  inhibi- 
tory action  on  the  Heidenhain  pouch,  similar  to  that  on  the  Pavlov 
pouch.  If  this  is  correct,  it  indicates  a  reflex  action  from  the  stomach 
of  these  chemicals.  He  also  reports  that  fats,  soaps,  morphine  and 
concentrated  sugar  solutions  have  no  influence  on  the  Heidenhain  pouch 
secretion;  hence  the  action  of  those  substances  on  the  Pavlov  pouch 
must  also  be  a  reflex. 

It  is  difficult  to  account  for  these  discordant  results  except  on  the  basis 
of  defective  control  of  such  factors  as  the  appetite  and  continuous  secre- 
tion, water  intake,  thirst,  and  the  physiological  state  of  the  experimental 
pouch.  Salts  or  alkalis  will,  of  course,  change  the  concentration  of  the 
blood,  influence  thirnt,  and  therefore  the  water  intake.  SiHliorland 
found  that  intravenous  injection  of  iso-,  hypo-  and  hypertonic  NaCl 
solutions  Ktinuilates  the  f^aatnc  glands.  This  is  probably  in  part  an 
effect  of  the  plethora. 

Since  the  alkalis  alter  the  control  of  the  pylorus  to  a  certain  extent, 
this  factor  must  also  i)c  cont  rolled.  The  absorbable  alkalis  may  influence 
the  availability  of  the  chloridcH  in  the  goNtric  ghmds,  and  thus  influence 
the  HCl  secretion,  but  this  does  not  seem  a  probable  factor,  since  the 
animal  must  be  in  chloride  starvation  for  a  long  time  before  the  HCl  of 
the  gastric  juitrc  in  upprccjably  affected. 
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It  is  stated  by  some  clinicians  (personal  communication)  that  ad- 
ministration of  large  doses  of  alkalis  over  a  long  period  (weeks)  may- 
produce  an  achylia  lasting  for  several  weeks  after  discontinuing  the 
alkalis.  This  is  important,  if  true,  and  would  indicate  a  direct  injury 
to  the  gastric  glands.  This  condition  has  not  been  produced  under 
adequate  experimental  control. 

(4)  Coffee,  cocoa  (minus  most  of  the  fat)  and  chicory  in  the  stomach 
are  reported  to  stimulate  gastric  secretion.  Tea  has  no  effect  or  may  act 
as  a  depressant.  The  alkaloid  caffeine  has  a  slight  stimulating  action 
both  on  the  Heidenhain  and  the  Pavlov  pouch  (Pincussohn,  Bickel, 
Ehrmann).  Coffee,  tea  and  cocoa  are  watery  extracts  of  plant  tissues, 
and  as  such  may  contain  the  gastrin  bodies.  But  this  direct  action  of 
these  beverages  on  gastric  secretion  is  of  little  practical  significance, 
since  the  water  content  and  the  taste  are  greater  factors  in  augmenting 
the  gastric  secretion. 

The  common  food  condiments  acting  from  the  stomach  have  little  or 
no  effect  on  the  gastric  secretion  (Rabinowitch).  The  essential  action 
of  these  substances  is  on  the  appetite  secretion  through  taste.  Raw 
onions,  acting  in  the  stomach,  are  reported  to  have  a  more  pronounced 
secretogogue  action  than  most  vegetables  (Wilbrand). 

(5)  Various  bitter  substances  or  bitter  tonics  have  been  used  in  medi- 
cine from  time  immemorial  to  aid  gastric  digestion.  Do  these  sub- 
substances  increase  the  secretion  of  gastric  juice?  Pavlov  and  Borissow 
report  that  bitters  given  before  the  meal  increase  the  appetite  gastric 
secretion  by  increasing  the  excitability  of  the  nerve  endings  in  the  mouth. 
Reichmann  and  Scheffer  found  that  bitters  in  the  stomach  depress 
gastric  secretion.  Kaznelson  and  Bickel  report  that  quinine  in  the 
mouth  stimulates  gastric  secretion  in  man,  but  their  experiments  were 
not  adequately  controlled. 

Carlson  and  Moorhcad  found  that  bitters  had  no  appreciable  effect 
on  gastric  secretion  in  normal  man  and  normal  dogs.  In  dogs  rendered 
cachectic  (experimental  anemia),  the  bitters  seem  to  have  a  slight 
stimulating  effect  on  the  gastric  secretion,  but  this  is  too  insignificant 
to  have  any  real  therapeutic  significance.  The  value  of  bitters,  if  any, 
in  human  dietetics  must  be  sought  in  other  factors  than  in  the  aug- 
nientation  of  gastric  secretion.  Moorhead  found  that  bitters  given  to 
cachectic  patients  may  slightly  increase  the  intake  of  food. 

(6)  Direct  stimulation  of  the  gastric  gland  with  the  direct  or  induced 
electrical  current  does  not  cause  secretion  of  gastric  juice.  The  x-ray 
and  radium  are  also  reported  to  be  without  effect,  except  for  chronic 
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depression  of  the  gastric  gland  when  massive  doses  are  used  (Brenzel, 
Winternitz,  Szego). 

(7)  The  secretion  of  the  gastric  mucin  is  a  process  largely  independent 
of  the  secretion  of  water,  HCl  and  ferments.  All  irritants,  including 
mechanical  and  electrical  stimulation,  increase  the  mucin  secretion, 
without  increasing  secretion  of  gastric  juice. 

S.  The  reflex  versus  the  hormone  theories  of  the  local  gastric  secretory 
mechanism,  (l)  We  have  seen  that  the  hormone  or  gastrin  theory  has 
not  been  disproved,  but  most  of  the  data  supporting  it  have  been  shown 
to  be  due  to  errors  in  technique  or  interpretation.  What  about  the 
theory  of  local  reflex  mechanism  as  originally  advanced  by  Pavlov? 
Some  of  the  differences  in  the  secretory  response  of  the  partially  dener- 
vated  Heidenhain  pouch  and  the  Pavlov  pouch,  which  retains  part  of  its 
vagi  innervation,  may  be  explained  by  absence  of  the  secretory  reflexes 
through  the  central  nervous  system,  and  by  gradual  deterioration  of  the 
glands  in  the  denervated  pouch.  But  I  am  not  convinced  that  these 
are  adequate  explanations  for  all  differences,  despite  the  modern  tend- 
ency to  deny  the  existence  of  all  local  reflex  mechanisms  in  the  viscera. 
Many  of  the  contradictory  results  are  probably  due  to  failure  to  control 
the  continuous  secretion  and  the  vasomotor  factors.  The  latter  factor 
will  probably  influence  the  former.  Unless  the  augmentation  of  the 
secretion  in  the  Heidenhain  pouch  by  the  presence  of  food  in  the 
stomach  and  intestines  can  be  explained  on  the  basis  of  augmentation 
of  the  continuous  secretion  through  circulatory  changes,  this  would 
seem  a  strong  support  for  the  hormone  or  gastrin  theory.  Such  secre- 
tion respon.ses  seem  to  obtain  even  after  severance  of  the  continuity  of 
the  Auerbach  and  the  Meissner  plexuses,  but  vasomotor  reflexes  (and 
possibly  secretory  reflexes)  may  go  on  via  the  nerve  fibers  along  the 
blood  vessels.  Rheinboldt  reports  that  the  result  of  section  of  the  nerves 
along  the  blood  vessels  to  the  Heidenhain  pouch  reveals  some  secretory 
function  of  those  nerves,  but  his  data  are  not  conclusive. 

(2)  In  normal  men  and  animals  all  painful  stimuli  cause  some  inhibi- 
tion of  the  ontirp  phase  of  gjistric  secretion.  Pain  in  certain  put  liological 
states  in  man  (e.g.,  gastric  and  duodenal  ulcer  pains,  pains  in  intestinal 
obstruction,  etc.)  seem  to  constitute  an  exception  to  this  rule.  Depres- 
sant oinotionH  (feur,  anger,  anxiety,  etc.)  also  depress  both  the  appetite 
secretion  and  the  local  secretion  phase.  Strong  emotions  of  pleasure 
seem  also  to  cause  some  depression  of  the  gastric  secretion.  Hence 
gastric  soeretion  may  be  depressed  from  changes  in  the  bruin,  from 
painful  stimuli  to  the  skin,  and  from  certain  types  of  stimuli  (e.g.,  fat) 
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to  the  mucosa  of  the  ahmentary  tract.  The  relative  r61e  played  in  this 
inhibition  by  stimulation  of  inhibitory  secretory  nerves,  vascular  changes 
in  the  stomach,  changes  in  gut  motility,  changes  in  gastrin  absorption, 
and  changes  in  the  activity  of  such  remote  organs  as  the  adrenals  and  the 
thyroid,  remains  to  be  worked  out. 

The  action  of  drugs  on  gastric  secretion,  such  as  the  stimulation  by 
pilocarpin  and  nicotin  (Ehrmann,  Skaller)  and  the  depression  by 
atropin  (Keeton,  Luckhardt  and  Koch)  indicate  but  do  not  prove  the 
preponderance  of  the  nervous  mechanisms.  It  seems  significant, 
however,  that  atropin  will  completely  inhibit  the  secretion  from  food 
in  the  stomach  and  intestines,  while  it  decreases  but  does  not  completely 
inhibit  the  secretion  from  histamine  and  the  gastrins.  Adrenalin  and 
pituitrin  depress  gastric  secretion  (Hess  and  Gundlach,  Pal) .  This  may 
be  a  vasomotor  factor. 

6.  Quantitative  and  qualitative  adaptation  of  gastric  secretion  to  the 
food.  (1)  The  appetite  gastric  juice  is  only  quantitatively  related  to  the 
food,  in  that,  other  things  being  constant,  the  more  appetizing  the  food 
the  more  copious  the  secretion.  This  is  true  even  of  foods  that  do  not 
require  digestion  or  cannot  be  digested  in  the  stomach.  Arrhenius  has 
attempted  to  show  that  there  is  a  mathematical  relation  between  the 
quantity  of  the  ingesta  and  the  quantity  of  the  gastric  juice  produced. 
But  the  most  important  contribution  to  this  subject  has  come  from 
Pavlov's  laboratory  (Chigin).  Thus  Pavlov  distinguishes  between 
"meat  juice,"  "bread  juice"  and  "milk  juice"  as  follows: 


8KBETION 
PERIOD 

SECRETION 
TOTAL 

ACID  CONCEN- 
TRATION 

PEPSIN  CON- 
ENTRATION 

Meat 

Medium 

Short 

Long 

High 
Low 

Medium 

High 

Medium 

Low 

Medium 

Milk 

Low 

Bread 

High 

According  to  Pavlov  the  stomach  secretes  more  than  double  the  quantity 
of  pepsin  for  bread  proteins  than  it  does  on  equal  quantities  of 
meat  or  milk  protein.  These  apparent  qualitative  adaptations  of 
the  gastric  juice  to  the  foods  are  given  teleological  interpretation  by 
Pavlov.  It  is  argued,  for  example,  that  the  low  acidity  and  high  pepsin 
concentration  of  the  "bread  juice"  is  advantageous  for  the  digestion  of 
vegetable  proteins. 

Assuming  that  the  above  facts  are  as  stated  (Arloing,  Cade  and  Bocca) 
they  seem  to  demand  a,  a  relative  independence  of  the  processes  of 
water,  HCl  and  pepsin  production  by  the  gastric  glands;  b,   specific 
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sensibilities  of  the  afferent  path  in  the  reflex  secretory  mechanisms  in 
the  gastric  and  intestinal  mucosa  as  assumed  by  Pavlov;  or  c,  different 
kinds  of  gastrins  (secretogogues)  in  the  food  acting  with  different  in- 
tensities on  the  three  secretory  processes.  In  some  animals  at  least  the 
HCl  and  the  pepsin  appear  to  be  secreted  by  different  gland  cells,  and 
there  is  other  evidence  that  the  secretion  of  HCl  and  pepsin  are  more  or 
less  independent  processes,  but  the  other  necessary  elements  of  the 
theory  (specific  sensibilities  of  the  reflex  mechanism,  or  specific  gastrins 
for  each  food)  are  as  yet  imagined  entities. 

The  fact  itself  (the  qualitative  adaptation)  should  be  reinvestigated 
in  light  of  the  more  recent  work  on  the  gastric  glands,  and  gastro- 
intestinal motility  as  influenced  by  the  character  of  the  food.  In  view 
of  the  variations  in  the  gastric  response  to  the  same  meal  from  day  to  day 
in  the  same  animal,  the  original  data  of  Chigin  do  not  appear  to  me  con- 
clusive; and  there  is  a  seeming  discrepancy  between  the  rapidity  with 
which  a  predominantly  carbohydrate  meal  like  bread  leaves  the  stomach 
(Cannon)  and  the  prolonged  duration  of  the  gastric  secretory  response 
to  bread.  There  is  some  evidence  that  the  acidity  of  the  gastric  juice 
increases  with  the  secretion  rate,  while  the  pepsin  concentration  may 
actually  decrease  with  the  secretion  rate  (Carlson) .  This  factor  alone 
may  explain  the  qualitative  difference  between  the  "meat  juice"  and 
the  "bread  juice"  of  Chigin. 

7.  The  composition  of  normal  gastric  juice.  (1)  We  have  many  analy- 
ses of  pure  gastric  juice  of  the  dog  (appetite  and  digestion  juice)  and  man 
(appetite  juice),  the  latter  secured  from  gastric  fistula  cases.  The  data 
from  various  observers  arc  in  essential  agreement,  and  there  appears 
to  be  little  or  no  difference  in  composition  of  pure  gastric  juice  in  dog 
(Roscmann)  and  man  (Carlson).  Normal  human  gastric  juice  has  the 
following  composition: 

....      f  Free  HCl  =  0.40-0.50  per  cent 
Acmity  ^  ^^^^j  acidity  -  0.46-60  per  cent 
_  ,. ,    f  Organic  -  0.42-0.46  per  cent 

[  Inorganic  ■■  0.13-0.14  per  cent 
Specific  gravity  -  1006-1009 
Osmotic  concentration  «■  —  0.65''-0.52*'C. 
Total  nitrogen  —  0.051-0.075  per  cent 
Amino  ncid  nitrogen  -•  3-10  ingin.  per  100  cc. 
Ammdnia  —  2-8  rogm.  per  1(X)  cc. 
ChloriilcH  -  0.60-0.68  por  cent 

The  concentration  of  the  fcrmcnt.s  and  the  mucin  cannot  at  present  bo 
expressed  in  pcrccntiigofl. 
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Bacteria  are  present  in  normal  gastric  juice  both  in  man  and  dog. 
The  antiseptic  action  of  gastric  juice  has  been  known  since  the  days  of 
Spallanzani,  but  the  bactericidal  power  of  gastric  juice  is  generally 
over-estimated.  Burget  found  25,000  to  100,000  organisms  (yeast, 
bacilli,  cocci)  per  cubic  centimeter  of  normal  human  gastric  juice  (full 
normal  acidity  and  peptic  power).  Poppens  found  B.  coli,  staphylo- 
cocci and  non-hemolytic  streptococci  in  the  gastric  juice  of  dogs. 

(2)  The  gastric  juice  secreted  at  a  rapid  rate  has  a  higlier  acidity  than 
that^secreted  at  a  slow  rate.  This  is  probably  due  in  part  to  neutraliza- 
tion by  gastric  mucin,  and  formation  of  ammonia  from  the  protein  of 
the  gastric  juice,  when  saliva  and  regurgitated  duodenal  juice  are  ex- 
cluded. This  is  indicated  by  the  fact  that  the  total  chlorine  of  the 
slowly  secreted  juice  is  not  as  low  as  would  be  indicated  by  the  low 
acidity.  But  there  appears  also  to  be  some  actual  increase  in  acidity 
with  the  increase  in  the  secretion  rate  (Carlson,  Rosemann) . 

The  evidence  in  favor  of  the  view  that  the  HCl  is  produced  by  the 
"border  cells"  of  the  gastric  glands  seems  fairly  conclusive,  but  we  do 
not  know  how  or  where  these  cells  produce  it.  In  fact,  there  is  some 
evidence  that  the  acid  may  not  be  produced  as  such  within  or  even  on 
the  surface  of  the  cells.  Using  the  Prussian  blue  reaction  originally 
tried  by  Claude  Bernard,  Fitzgerald  icported  that  the  HCl  was  pro- 
duced within  the  parietal  cells.  After  showing  the  unreliability  of  the 
Prussian  blue  reaction,  Harvey  and  Benslej'  concluded,  on  the  basis  of 
a  different  stain  reaction,  that  the  HCl  first  appeared  in  the  lumen  or 
neck  of  the  gland  at  considerable  distance  from  the  parietal  cells,  while 
Collip  appears  to  have  proved  that  the  HCl  is  formed  on  the  cell  border. 
The  discrepancies  in  the  results  obtained  so  far  by  the  staining  methods 
are  probably  in  part  due  to  the  condition  of  the  gland  cells  when  the 
stain  is  applied  and  the  cells  actually  seen.  From  what  we  know  of 
gastric  secretory  activity,  it  seems  highly  probable  the  cells  observed  by 
these  investigators  were  not  actively  secreting,  but  were  dead  or  mori- 
bund. Experiments  bearing  on  this  question  are  not  physiological, 
unless  the  cells  are  secreting  gastric  juice  when  observed,  or  unless  the 
chemicals  used  in  the  reaction  are  known  not  to  impair  the  secretion 
process  at  least  before  they  reach  the  interior  of  the  cells.  Unfortu- 
natel}^  the  smaller  transparent  invertebrates,  where  one  can  observe  the 
gastric  mucosa  under  the  microscope  in  the  living  animal,  do  not  secrete 
an  acid  gastric  juice.  But  it  is  possible  that  sulphuric  acid  secreting 
salivary  glands  in  some  molluscs  is  a  better  object  than  the  veterbrate 
stomach  for  the  solution  of  the  problem  how  living  cells  produce  in- 
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organic  acids  in  relatively  strong  concentration.  The  high  concentra- 
tion of  the  HCl  in  the  gastric  juice  has  been  cited  as  an  argument  against 
the  production  of  the  acid  within  the  cells,  as  such  high  concentration  of 
of  a  strong  acid  would  kill  the  cell  itself.  This  point  does  not  seem  well 
taken.  The  gastric  juice  in  contact  with  the  surface  of  living  cells  does 
not  kill  all  cells.  This  is  truaiiot  only  for  the  mucosa  of  the  alimentary 
tract,  but  for  organs  not  "acclimatized"  to  gastric  juice,  like  the  spleen 
and  the  kidney  (Dragstedt). 

The  secretion  of  HCl  in  the  gastric  juice  is  not  intimately  dependent 
on  the  chlorides  of  the  food,  because  complete  chloride  starvation  must 
be  maintained  such  a  long  period  before  the  HCl  of  the  gastric  juice 
disappears  (Wohlgemuth,  Rheinboldt,  Takata,  Rosemann).  In  chlo- 
ride starvation  the  gastric  glands  can  apparently  produce  HCl  until  the 
secretion  itself  ceases  from  general  cachexia. 

The  theory  of  Harvey  and  Bensley  that  parietal  cells  secrete  the  HCl 
as  an  organic  or  colloid  compound  demands  investigation,  if  it  should  be 
shown  that  the  acid  is  not  liberated  in  or  on  the  surface  of  the  cells. 
Rosemann  has  suggested  an  actual  secretion  of  lactic  and  phosphoric 
acids  by  the  gastric  glands  under  certain  conditions. 

(3)  The  origin  and  possible  significance  of  ammonia  of  the  gastric 
juice  has  recently  been  investigated  by  Huber  on  man  and  dogs.  He 
found  marked  but  consistent  individual  variations  in  apparently  healthy 
subjects.  The  gastric  juice  ammonia  is  increased  by  a  high  protein 
diet  and  by  adding  ammonium  salts  to  the  food.  This  indicates  an 
excretion  from  the  l)lood.  The  fundic  mucosa  contains  more  NH3 
than  cither  the  pyloric  or  the  cardiac  mucosa.  This  may  intlicatc  a 
relation  of  the  gastric  juice  ammonia  to  the  hydrochloric  acid  secretion. 
The  bacteria  of  the  gastric  juice  may  also  be  a  factor.  The  gastric 
juice  ammonia  apjxjars  to  have  no  pathological  significance,  as  the  con- 
centration may  be  as  high  in  normal  individuals  as  in  patients  with 
gastric  ulcer  and  gastric  cancer. 

(4)  The  mo.st  imjwrtant  ferments  of  the  gastric  juice  are  the  pepsins. 
During  relative  quiescence  of  the  gastric  glands  the  pepsins  in  an  inactive 
form  fpepsinogon.s)  are  stored  up,  possil)ly  in  the  form  of  giiinules,  in 
the  chief  cells.  The  pepsinogens  are  activated  by  acids.  This  may  be 
one  significance  of  the  differentiation  of  HCl  and  pepsinogen  production 
in  Hopurate  coWh.  Lipase  is  also  present  in  pure  gaHtri(^  juice  (I)avid- 
sohn,  Hull  and  Kecton).  This  lipase  appcuus  to  be  an  actual  secretion 
of  the  giistric  gland  rather  than  a  diffusion  product  from  the  blood 
and  lymph,  as  it  appears  to  be  present  in  nnich  higher  concentration  in 
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the  gastric  juice.  The  physiological  significance  of  the  gastric  lipase  is 
obscure,  as  it  is  quickly  destroyed  by  the  acidity  of  normal  gastric  juice. 

The  long  controversy  as  to  the  identity  of  the  pepsin  and  the  rennins 
seems  to  have  ended  in  favor  of  Hammarsten's  view  that  they  are  dis- 
tinct groups  (Taylor,  Levy,  Burge,  Hammarsten) .  If  this  is  correct  the 
biological  significance  of  the  rennins  becomes  a  riddle,  as  they  are  present 
in  the  gastric  secretion  from  the  fish  up,  that  is,  in  animals  where  milk 
is  absent  from  the  diet. 

IV.  The  secretion  of  gastric  juice  in  disease.  The  hterature  on 
the  pathological  physiology  of  gastric  secretion  is  very  voluminous,  also 
very  conflicting,  not  so  much  in  the  facts  reported  as  in  the  significance 
in  the  disease  complex  assigned  to  the  altered  gastric  function.  The 
conflicting  interpretations  are  largely  due  to  the  fact  that  we  did  not 
know  until  recent  years  what  degrees  of  variations  in  gastric  secretion 
are  found  in  apparently  healthy,  and  hence  presumably  normal,  persons, 
and  the  further  fact  that  the  clinician  very  seldom  knows  anything  of 
the  gastric  secretion  in  the  patient  before  the  onset  of  the  particular 
ailment  that  brings  him  to  the  doctor's  office.  But  despite  this  un- 
certainty as  regards  the  "normal  standard,"  and  the  usual  lack  of 
"controls"  on  the  individual  patient,  the  clinical  and  experimental 
literature  yields  today  fairly  conclusive  answers  to  the  following 
questions: 

1.  What  are  the  variations  in  gastric  secretion  in  normal  individuals? 

2.  Are  there  primary  hypo-  and  hypeiiunctions  of  the  gastric  glands? 

3.  What  diseases,  not  primarily  involving  the  stomach,  induce  changes 
in  gastric  secretion? 

4.  Do  primary  changes  in  the  gastric  secretion  itself  produce  disease? 
A.  The  variations  in  gastric  secretion  in  normal  individuals.     If  one 

studies  a  large  group  of  persons,  otherwise  normal,  one  encounters  all 
the  variations  in  gastric  secretion  seen  in  the  sick  (Martin,  Rehfuss  and 
Hawk,  Bennett,  Bennett  and  Dodd,  Best,  Alsberg,  Sailor),  except 
possibly  the  degree  ot  hypersecretion  associated  with  obstruction  (func- 
tional or  anatomic)  at  the  pylorus.  Thus  one  finds  in  normal  individuals 
hypersecretion  and  so-called  "hyperacidity,"  and  various  degrees  of 
hyposecretion  or  hypoacidity  down  to  complete  achylia.  One  may 
question  the  correctness  of  calling  such  persons  "normal,"  but  they 
are  normal  at  least  to  the  extent  of  showing  few  if  any  symptoms  re- 
ferable to  the  change  in  the  gastric  secretion.  The  clinician  must 
henceforth  take  cognizance  of  the  fact  that  hypersecretion  and  clinical 
hyperacidity  as  well  as  hypo-  and  anacidity  are  not  only  compatible 
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with  health,  but  are  found  in  a  considerable  percentage  of  normal 
individuals.  The  anomalies  in  gastric  secretion  (except  gastric  reten- 
tion) exhibited  by  a  patient  with  any  disease  may  therefore  have  been 
present  in  that  individual  before  the  onset  of  the  malady.  That  com- 
plete absence  of  gastric  juice  should  cause  no  evident  digestive  disorder 
may  seem  contradictory  in  view  of  the  important  role  usually  ascribed 
to  the  gastric  juice  in  the  functions  of  the  gut.  The  explanation  is 
probably  to  be  found  in  some  compensatory  mechanisms. 

The  anacidity  may  be  present  without  absence  of  gastric  ferments,  but 
usually  there  is  a  decrease  in  pepsin  parallel  with  the  hypochlorhydria. 

B.  The  etiology  of  primary  hyposecretion  and  achylia  gastrica  simplex. 
Some  cases  of  achylia  have  been  described  as  congenital  and  possibly 
hereditar}'  (Dauwe) ,  but  this  seems  at  present  little  more  than  specula- 
tion. Others  look  for  the  cause  in  permanent  injury  to  the  gastric  glands 
during  the  life  of  the  individual  from  such  agencies  as  bacterial  toxins, 
alcohol,  too  hot  or  too  coarse  food,  poor  teeth,  chronic  inhibition,  etc. 
(Ramond,  Faber,  Levinson,  Williemse).  According  to  Rosemann  there 
is  less  storage  of  chlorides  in  the  gastric  mucosa  and  more  chloride 
.salts  in  the  gastric  content  in  persons  with  hypo-  and  anaciditj'.  Achy- 
lia seems  to  \ye  more  common  in  women  than  in  men.  That  the  condition 
is  either  hereditary  or  that  the  injury  to  the  gastric  glands  is  irreparable 
seems  to  be  indicated  by  the  usual  permanency  of  the  condition.  This 
would  seem  to  exclude  nervous  inliibition  as  a  factor.  Leist  claims  that 
hypo-  and  anacidity  are  associated  with  a  lowered  concentration  of  the 
blood  proteins. 

C.  Gaatric  hyposecretion  and  achylia  associated  mith  extra  gastric  diseases. 
1.  Cancer,  irrespective  of  the  location  of  the  tmnor,  is  associated 
with  hypo-  and  anacidity  more  or  less  in  direct  proiK)rtion  to  develop- 
ment of  general  cachexia.  The  iiypoacidity  usually  appears,  therefore, 
late  in  the  cancer  history,  but  there  is  much  individual  variation  in  this 
r^^rd,  indicating  that  the  degree  of  gon(Miil  cachexia  is  not  the  only 
factor  (Palmer).  Possibly  the  initial  vigor  of  the  gastric  glands  may 
explain  this  variation.  The  gastric  secretion  does  not  seem  to  be  in- 
fluenced by  tlio  transplanted  tumors  in  rats  (Copeman  and  Kake). 
Moore  advanced  the  view  that  the  hypoacidity  of  the  gastric  secretion 
in  cases  of  malignant  growth  is  due  to  an  excess  alkalinity  of  the  blood. 
The  real  explanation  is  probably  more  complex. 

2.  The  anemicu,  pernicious,  secondary,  and  experimental,  ai(;  prac- 
tically always  associated  with  gastric  hypoacidity  and  anacidity  parallel 
with  the  degree  of  cachexia.    Hypoacidity  is  also  present  in  infantile 
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anorexia  and  atrophy  (Wentworth,  Sauer),  edema,  and  very  frequently 
in  diseases  of  the  gall  bladder  (Behm,  Rydgard,  Rhode,  Blackford), 
in  chronic  colitis,  and  in  marked  hypothyroidism  (Boenheim).  The 
gastric  hypoacidity  may  persist  after  removal  of  the  diseased  gall 
bladder.  The  hypoacidity  is  usually  associated  with  increased  gastric 
motility  or  at  least  a  hastening  of  gastric  evacuation  (Voegler) .  Achylia 
appears  to  be  induced  in  some  cases  by  primary  disturbances  of  the  heart 
(Roemheld).  Hypo-  and  anacidity  are  present  in  the  pregnancy  toxe- 
mias (Kramer-Petersen).  The  mechanisms  producing  the  hypoacidity 
in  these  conditions  are  probably  varied.  Actual  asthenia  of  the  gastric 
glands  is  no  doubt  a  factor,  but  bacterial  toxins  and  persistent  inhibitory 
reflexes  may  also  play  a  r61e.  Very  httle  has  been  done  to  determine  the 
etiology.  It  seems  fairly  certain  that  the  hypoacidity  is  an  effect  of  the 
diseases,  not  a  causative  factor. 

Hypoacidity  also  appears  in  pellagra,  and  in  beri-beri  in  man  and 
animals  (Kitamura,  LaRue).  It  probably  is  one  of  the  effects  of  all 
dietary  deficiency  diseases  wIumi  the  general  cachexia  is  sufficiently 
advanced. 

3.  A  number  of  clinical  observers  (Fleichcr  and  Miiller,  Einhorn, 
Strauss,  Woelpe)  introduced  the  conception  of  a  "dilution  secretion" 
or  "hydrorrhea  gastrica"  to  designate  what  appears  to  be  an  increased 
volume  of  gastric  juice  parallel  with  hypo-  and  anacidity,  if  not  actual 
alkalinity  of  the  gastric  juice.  This  may  be  seen  in  rare  cases  of  gastric 
and  duodenal  ulcers,  but  is  most  frequently  observed  in  cases  of  acute 
dilatation  of  the  stomach.  Dragstedt  has  recently  shown  that  the  large 
volume  of  fluid  (usually  alkaline)  found  in  the  stomach  in  the  lattor 
condition  is  not  secreted  by  the  stomach  but  comes  from  the  duodenum. 
The  case  reported  by  Einhorn  (gastric  cancer  with  cirrhosis  of  the  liver) 
may  be  simply  a  transudate  due  to  partial  obstruction  and  venous  stasis. 
There  may  also  be  instances  of  actual  transudate  or  exudates  from  the 
inflamed  mucosa  in  ulcer  regions.  The  case  for  a  real  "dilution  secre- 
tion" or  "hydrorrhea  gastrica"  has  not  been  proved.  The  excess  secre- 
tion of  the  duodenal  and  the  gastric  glands  in  paralytic  ileus  and  acute 
dilatation  of  the  stomach  appears  to  be  due  to  toxic  amines  or  gastrins 
absorbed  from  the  gut  (Dragstedt). 

4.  Depression  of  gastric  secretion  in  fevers.  Following  Beamnont, 
clinical  observers  are  in  practical  agreement  that  in  fevers  the  deviations 
from  the  normal  gastric  juice  are  in  the  direction  of  hypo-  and  anacidity. 
The  same  has  been  demonstrated  in  Pavlov  pouch  dogs  (toxic  fevers, 
thermal  fever)  (Meyer,  Cohn  and  Carlson).     The  increased  body  tem- 
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perature  itseK,  apart  from  possible  action  of  bacterial  toxins,  depresses 
the  gastric  glands. 

Great  increase  in  the  external  temperature  but  without  rise  in  the  body 
temperature  is  reported  to  depress  gastric  secretion  and  acidity  in  man, 
in  proportion  to  the  profuseness  of  the  sweating  (Cohnheim  and 
Kreglinger,  Fischer).  There  are  probably  several  factors  involved  in 
this  gastric  depression,  such  as  concentration  of  the  blood  and  inhibition 
from  the  mental  discomfort  of  external  heat. 

5.  Hemmeter  reported  that  extirpation  of  the  salivary  glands  in  dogs 
led  to  a  suppression  of  the  gastric  secretion.  This  has  not  been  con- 
firmed (Loevenhart  and  Hooker,  Swanson).  In  fact  the  acidity  of  the 
gastric  juice  may  be  even  slightly  increased  (but  not  above  the  normal 
limit)  after  removal  of  all  the  salivary  glands. 

A  number  of  Italian  observers  have  reported  a  depression  (in  pepsin) 
of  gastric  secretion  after  splenectomy,  indicating  some  essential  relation 
between  the  spleen  and  the  gastric  glands.  These  findings  have  not 
been  substantiated  (Inlow).  The  removal  of  the  spleen  decreases 
slightly  the  quantity  of  gastric  juice,  probably  due  to  a  slight  inter- 
ference with  the  circulation  in  the  stomach. 

Clinical  observations  after  resection  of  the  antrum  pylori  for  gastric 
ulcer  (Bilroth  operation)  indicate  that  the  removal  of  the  pars  pylorica 
depresses  the  secretion  of  the  fundic  glands  (see  Babkin,  Kelling). 
This  needs  experimental  verification,  and  seems  to  be  contradicted  by 
the  recent  work  of  Ivy  and  Whitlow  on  dogs.  It  is  possible,  however, 
that  the  entire  antrum  pylori  was  not  separated  horn  the  stomach  in 
these  experiments.  Since  extirpation  of  the  pars  pylorica  hastens  the 
emptying  of  the  stomach,  the  operation  probably  shortens  the  secretion 
period. 

C.  Alleged  pathological  "hyperacidity"  and  hypersecretion.  1.  It  is 
now  well  established  that  in  giustric  and  duodenal  ulcers,  tmcomplicatcHl 
by  pyloric  obstruction,  we  may  have  normal  gastric  acidity,  so-called 
hyperacidity  (that  is,  hypersecretion)  or  complete  achylia.  Since  these 
secretory  conditions  are  found  in  normal  people,  it  is  evident  that  giist  ric 
and  duodenal  ulcers  do  not  per  se  alter  the  activity  of  the  gastric  glands. 
But  in  most  cases  of  pyloric  obstruction  and  consequent  gastric 
rotontion,  the  secretory  response  to  foods  is  prolongcvl,  and  th(»re  seems 
to  be  a  tendency  to  excessive  continuous  secretion.  Actual  hyperacidity 
in  the  sense  of  a  gastric  juice  of  greater  than  normal  acidity  has  not  been 
d'f  tod  in  any  dis<ni8e,  and  probably  do<»s  not  exist.     The  patho- 

lo;^.  -  -       .irilioti  in  iiridilv  !■<  alu:i\>^  in  the  direction  toward  unncidity. 
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But  actual  hypersecretion  may  exist,  although  we  have  no  accurate 
measure  of  the  total  gastric  secretion  in  normal  persons  in  the  course  of 
a  day.  It  is  not  less  than  1500  cc.  and  may  be  double  that  quantity. 
When  we  have  partial  obstruction  at  the  pylorus  the  existence  of  actual 
hypersecretion  cannot  be  proved,  except  by  some  method  of  continuous 
drainage  of  the  stomach  by  the  stomach  tube.  Crohn  and  Reiss  state 
that  ulcer  patients  may  secrete  30  cc.  of  pure  gastric  juice  in  5  minutes. 
Even  more  rapid  secretion  or  55  cc.  in  5  minutes  (appetite  juice)  may  be 
seen  in  normal  persons  (Carlson),  but  this  is  very  rare. 

The  gastric  hypersecretion  in  ulcer  complicated  with  pyloric  obstruc- 
tion is  in  all  probability  due  to  the  increased  time  of  action  (gastrin  or 
reflex)  of  the  food  in  the  stomach.  The  ulcer  may  also  increase  the 
reflex  excitability,  and  actually  liberate  gastrins  and  amines  into  the 
blood. 

Gastric  stasis  may  result  from  a  variety  of  causes,  such  as  anatom- 
ical or  functional  obstruction  at  the  pylorus,  primary  gastric  asthenia, 
chronic  inhibition,  etc.  It  has  not  been  established  that  any  of  these 
factors  can  induce  gastric  hypersecretion,  apart  from  the  stasis  of  food 
and  gastric  juice  in  the  slomach.  Primary  hyperirrit ability  of  the 
gastric  gland  cells  and  the  local  secretory  nervous  reHex  mechanisms; 
the  genesis  of  gastrin  bodies  in  the  autolysis  and  resorption  of  tissues, 
etc.,  must  ever  be  kept  in  mind  as  possible  factors.  But  progress  in 
this  field  of  pathological  physiology  of  man  demands  greater  attention 
to  the  continuous  secretion  and  to  the  limits  of  its  normal  variation, 
as  well  as  to  the  limits  of  variation  in  the  acidity  of  normal  gastric 
juice  than  has  been  the  usual  chnical  practice  of  the  past.  The 
notion  that  gastric  content  showing  0.2  per  cent  HCl  acidity  is  the 
acidity  of  normal  gastric  juice,  and  that  0.4-0.5  per  cent  HCl  is  "hyper- 
acidity" should  no  longer  be  permitted  to  confuse  the  issue.  What 
pure  gastric  juice  (acidity:  0.4  per  cent-0.5  per  cent)  may  do  in  the 
way  of  inducing  disease  symptoms  when  it  acts  on  sensory  and  motor 
mechanisms  that  are  already  abnormal  is  another  matter. 

In  dogs  gastric  and  duodenal  ulcers  may  or  may  not  induce  digestive 
and  continuous  hypersecretion  (Hardt).     There  is  no  hyperacidity. 

The  great  amount  of  attention  given  in  the  clinical  literature  to  gastric 
secretion  in  gastric  and  duodenal  ulcers  is  due  to  the  supposed  role  of  the 
juice  itself  in  the  etiology  and  chronicity  of  the  ulcer,  the  ulcer  pains  and 
the  pylorospasm. 

2.  Gastric  hypersecretion  is  frequently  seen  in  appendicitis  and  vis- 
ceral adhesions.     This  has  been  demonstrated  experimentally  in  dogs 
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(McWhorter).  There  is  no  hj-^peracidity.  Complete  pancreatectomy 
in  the  dog  leads  to  an  excess  secretion  of  gastric  juice  of  normal  acidity 
(Steinberg).  Gastric  hypersecretion  has  also  been  described  in  patients 
with  toxic  goiter  (Boenheim),  and  other  nervous  abnormalities  ("vago- 
tonia") but  Hardt  found  that  feeding  thyroid  extract  to  Pavlov  pouch 
dogs  decreased  the  gastric  secretion.  It  is  probable  that  the  hypersecre- 
tion associated  with  nervous  disorders  is  in  part  secondary  to  gastric 
stasis. 

3.  The  main  estabhshed  facts  in  the  pathology  of  gastric  secretion  may 
be  summarized  as  follows: 

1.  In  otherwise  normal  persons  the  gastric  secretion  may  vary  from 
hypersecretion  through  normal  and  down  to  complete  anacidity.  These 
variations  by  themselves  do  not  therefore,  produce  disease  symptoms. 

2.  In  chronic  disorders  gastric  secretion  and  gastric  acidity  are  de- 
creased on  the  whole  parallel  with  the  degree  of  general  cachexia.  The 
most  important  factor  in  this  depression  is  probably  the  cachexia  of  the 
gastric  glands. 

3.  There  is  no  disease  known  capable  of  inducing  true  gastric  hj'per- 
acidity.  The  pathological  deviations  in  acid  and  pepsin  concentrations 
are  invariably  in  the  direction  of  a  decrease. 

4.  Essential  hypersecretion  (Rcichmann's  disease)  probably  does 
not  exist.  The  factors  definitely  known  to  induce  hypersecretion  are 
delayed  gastric  evacuation  from  obstruction  at  the  pylorus  or  gastric 
stasis  due  to  factors  that  do  not  at  the  same  time  depress  the  gastric 
glands.  The  hypersecretion  that  is  frequently  seen  in  certain  so-called 
nervous  disorders  has  not  been  sufficiently  studied  in  regard  to  gastro- 
intestinal motility.  If  this  hypersecretion  is  primarily  of  nervous  ori- 
gin, it  may  l)e  due  to  depression  of  the  inhibitory  secretion  tonus  quite 
as  much  as  to  excess  activity  of  the  appetite  nervous  mechanism.  The 
marked  hypersecretion  following  a  prolonged  fast  does  not  seem  to 
induce  symptoms  of  disease. 

5.  The  ga«tric  juice  (in  normal  or  greater  than  normal  quantities) 
can  itaclf  produce  anatomic  or  functional  disorders  only  when  it  acts 
on  tissues  or  mechanisms  that  are  alroady  pathological. 

6.  The  r6ic  of  tlwj  gastric  juice  in  tlie  iiiaiiiteiianco  of  health  and  in  the 
etiology  of  discaso  has  been  exaggerated,  to  the  neglect  of  the  importance 
of  normal  gastric  motility. 
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CELLULAR  IMMUNITY:  CONGENITAL  AND  ACQUIRED 
TOLERANCE  TO  NON-PROTEIN  SUBSTANCES 

J.  A.  GUNN 
The  Pharmacology  Laboratory,  Oxford,  England 

It  is  now  well  known  that,  when  acquired  immunity  is  induced  in 
warm-blooded  animals  to  toxins,  bacteria,  or  indeed  to  any  protein 
substance,  this  immunity  is  accompanied  by,  and  at  least  partly  due 
to,  the  formation  of  specific  antibodies  in  the  blood  or  tissue  fluids. 
No  such  antibodies  are  formed  to  non-protein  substances,  though  to 
some  of  the  latter  a  high  degree  of  immunity  can  be  acquired.  This 
fundamental  distinction  has  been  emphasized  by  the  retention  of  the 
word  "immunity"  as  applied  to  proteins,  and  bj^  the  restricted  use  of 
the  word  "tolerance"  as  applied  to  non-protein  substances.  While 
this  difference  in  nomenclature  is  convenient  and  in  part  salutary,  there 
is  a  danger  that  the  distinction  may  overleap  itself  and  fall  on  the  other 
side;  and  this  for  two  reasons.  In  the  first  place  it  has  tended  often 
to  lead  to  a  tacit  and  unjustifiable  implication  that  the  processes  whereby 
an  animal  acquires  tolerance  to  non-protein  substances  do  not  occur 
in  immunity  to  proteins;  and,  secondly'',  the  distinction  does  not  hold 
good  for  congenital  immunity,  because  there  is  no  doubt  that  congenital 
immunity  both  to  protein  and  non-protein  substances  is  in  many,  and 
possibly  in  most,  cases  due  to  an  insusceptibility  of  the  cells  themselves 
to  the  toxic  action  of  the  substance,  and  independent  of  any  antagon- 
istic effect  of  the  body  fluids. 

While,  therefore,  it  will  be  possible  in  the  space  of  this  review  to  deal 
only  with  tolerance  to  non-protein  substances,  the  object  of  it  is  a 
twofold  one.  The  subject  of  tolerance  to  drugs  possesses  its  own 
interest  and  importance,  but  any  considerable  review  of  the  whole 
subject  has  not  to  my  knowledge  been  attempted  since  that  by  Haus- 
mann  in  the  I]rgebnisse  der  Physiologic  in  1907.  This  resume  deals 
largely  with  investigations  subsequent  to  that  date,  and  in  the  necessary 
selection  of  material  I  have  chosen  rather  to  consider  in  some  detail 
only  those  instances  of  tolerance  which  have  received  some  explanatory 
investigation,  than  to  attempt  to  mention  every  known  instance  of 
tolerance.     The  primary  object  of  this  review  is  therefore  to  give  a 
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general  survey,  from  a  scattered  literature,  of  the  present  state  of 
knowledge  of  tolerance  to  drugs.  But,  in  addition,  it  may  serve  a 
purpose  of  providing  a  brief  statement  of  the  methods,  other  than  by 
antibody  formation  or  phagocj-tosis  (neither  of  which  has  suffered  from 
lack  of  attention)  whereby  an  organism  can  acquire  immunity,  for  it 
is  conceivable  that  even  in  the  case  of  genuine  "immunity"  these 
methods  of  defence  will  be  found  to  play  a  more  important  part  than 
has  hitherto  been  realized.  In  any  case  perhaps  this  introduction 
will  help  to  justify  the  title  of  the  article,  for  it  will  be  seen  that  toler- 
ance to  drugs  is  dependent  mainly  upon  properties  or  activities  residing 
in  the  cells  themselves.  All  immunity  is  of  course  ultimately  cellular 
for  antibodies  are  formed  by  the  cells,  so  that  even  the  expression 
"cellular  immunitj'^"  is  one  only  of  convenience. 

CoxGEXiTAL  TOLERANCE.  It  is  Well  kuowu  that  not  only  different 
species  of  animals  but  different  individuals  of  the  same  species  may  show 
marked  differences  in  resistance  to  the  action  of  many  drugs.  This 
difference  in  resistance  is  usually  measured  by  the  dose  per  kilogram 
of  animal  that  is  required  to  produce  a  certain  physiological  or  toxic 
effect — or  usually  a  lethal  effect,  for  death  is  an  important  and  usually 
unequivocal  end-point.  With  a  great  many  drugs,  e.g.,  most  heavy 
metals,  quinine,  chloral,  phenol,  et<;.,  the  M.L.D.  per  kilogram  is  very 
nearly  the  same  for  all  species  of  warm-blooded  animals;  on  the  other 
hand  with  some  drugs  the  difference  may  be  as  much  as  100  to  1  or 
more.  When  one  species  shows  a  high  resistance  as  compared  with 
the  majority,  it  is  regarded  as  congenital  tolerance  in  the  former;  if 
a  low  resistance,  congenital  intolerance  or  hypersusceptibility.  The 
<letermination  of  the  causes  of  these  differences  is  easier  in  proportion 
to  the  degree  of  difference,  and,  as  the  difference  between  species  is 
usually  much  greater  than  the  difference  Ixitween  individuals,  it  is 
naturally  to  congenital  tolerance  in  species  that  investigation  has  so 
far  chiefly  l)een  directed. 

Though  some  progress  has  been  made  in  explaining— what  for 
medicine  generally  is  perhaps  the  more  important  question— why 
individuals  vary  in  resistance,  e.g.,  as  the  result  of  variations  in  diet, 
etc.,  (1),  the  limited  scope  of  this  review  will  allow  consideration  almost 
exclufiivcly  of  congenital  tolerance  in  species,  and  even  here  there  are 
few  canes  where  the  cause  of  this  tolerance  is  yet  known. 

Congenital  toUrnncr  of  the  load  to  toad-poison,  ayid  of  the  toad,  snake, 
and  rat  to  digiUilin  ylucoHuhii.  That  the  loud  was  "ugly  and  venomoas" 
had  been  known  for  centuries  before  Vulpian  (1854)  first  subjected  the 
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secretion  of  the  toad's  skin  to  scientific  investigation.  He  discovered 
its  toxic  action  on  the  heart  and  Hkened  it  to  that  of  digitahs.  He 
found  that  the  toad  is  very  resistant,  though  not  completely  immune,, 
to  its  own  poison  and  is  also  much  more  resistant  than  the  frog  to  the- 
toxic  action  of  digitalis.  Fornara  (1871)  found  that  the  toad  is  also' 
resistant  to  antiarin,  and  since  then  it  has  been  found  that  the  toad 
is  resistant  also  to  all  other  members  of  the  digitalis  group  which  have 
been  investigated  in  this  relation,  e.g.,  strophanthin,  apocynamarin 
and  helleborein. 

Later  it  was  found  that  both  the  rat  and  the  grass  snake  show,  as 
compared  with  other  animals,  a  very  high  degree  of  tolerance  to  mem- 
bers of  this  same  group  of  glucosides.  The  problems  relating  to  the- 
immunity  of  the  toad  to  its  own  venom,  and  of  the  toad,  snake  and  rat 
to  digitalis  glucosides,  are  related  problems  and  have  often  been  in- 
vestigated together.  They  will  here  be  considered  together  and  in 
some  detail,  as  this  type  of  congenital  tolerance  has  been  investigated 
with  perhaps  greater  thoroughness  than  any  other. 

The  immunity  of  the  toad  to  its  own  poison  and  to  digitalis  glucosides 
is  a  specific  tolerance,  the  toad  having  no  comparable  resistance  to 
other  poisons.  Thus  Heuser  (3)  found  that  the  M.L.D.  of  a  large- 
number  of  drugs,  e.g.,  caffeine,  veratrin,  chloral,  etc.,  was  practically^ 
the  same  both  for  the  frog  and  toad,  though  the  toad  withstood  rather- 
larger  doses  of  muscarine  and  phj^sostigmine.  Robert  (4)  found  that 
the  toad's  blood  vessels,  when  perfused,  were  less  affected  than  the  frog's 
blood  vessels,  not  only  by  toad  poison  and  digitalis  but  also  by  bariiun. 
Particular  interest  attaches  to  barium  because  if  the  toad  were  resistant 
also  to  barium  it  would  almost  certainly  imply  resistance  to  a  particular 
type  of  physiological  action  rather  than  to  a  particular  type  of  chemical 
compound,  because,  though  the  actions  of  digitalis  and  barium  are; 
similar,  there  is  no  chemical  relation  between  the  two.  Heuser  (3)i 
however  failed  to  find  any  increased  resistance  (as  estimated  by  the 
M.L.D.)  of  the  toad  to  barium,  and  Clark  (5)  found  no  increased 
resistance  of  the  grass  snake  to  barium.  In  view  of  Robert's  statement 
I  have  repeated  these  experiments  (6)  and  found  that  the  toad  shows 
no  superior  tolerance  to  barium.  The  M.L.D.  is  the  same  for  both 
toad  and  frog,  and  the  concentrations  required  to  arrest  the  perfused 
heart  or  to  produce  constriction  of  the  blood  vessels  is  the  same  in 
both  animals. 

The  increased  tolerance  of  the  rat,  as  of  the  toad,  applies  also  to  all 
members  of  the  digitalis  group  that  have  been  investigated,   e.g.,. 
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strophanthin,  digitalis,  squill.  It  may  reach  a  high  degree;  e.g., 
Hatcher  (7)  found  the  AI.L.D.  of  strophanthin  for  rats  to  be  100  times 
that  for  cats.  Clark  found  the  M.L.D.  of  strophanthin  for  the  grass- 
snake  to  be  30  times  that  for  the  frog,  and  that  this  tolerance  in  this 
animal  is  not  associated  with  any  general  tolerance  to  drugs  that  produce 
systolic  arrest  of  the  heart.  From  these  experiments  it  is  clear  that 
the  toad,  grass-snake  and  rat  show  a  singular  congenital  tolerance  to 
the  digitalis  group  of  glucosides  which  resemble  one  another  in  their 
physical  and  chemical  properties  as  well  as  in  their  physiological  actions. 
The  question  arises  as  to  what  is  the  explanation  of  this  tolerance. 

From  a  variety  of  evidence  it  has  become  clear  that  the  congenital 
tolerance  of  these  animals  is  in  every  case  largely,  if  not  entirely,  due 
to  an  insusceptibility  of  the  tissues,  especially  the  heart  muscle,  to  the 
action  of  digitalis  glucosides;  and  the  chief  steps  by  which  this  con- 
■clusion  has  been  arrived  at  will  briefly  be  summarized.  Heuser  (3) 
could  find  in  the  toad  no  evidence  of  defective  absorption,  increased 
•destruction  in  the  blood,  or  increased  excretion  such  as  could  explain 
the  increased  tolerance  of  this  animal  as  compared  with  the  frog. 
Hatcher  found  that  the  increased  tolerance  of  the  rat  to  strophanthin 
was  not  due  to  difficult j'  of  absorption.  Seeing  that  congenital  toler- 
ance in  the  case  of  other  substances  has  sometimes  been  found  to  be 
due  to  increased  destruction  in  the  blood  and  tissues,  experiments  to 
determine  whether  this  is  true  in  the  case  of  the  tolerance  in  question 
have  l)cen  numerous.  Hatcher  could  recover  in  the  urine  nearly  all 
the  strophanthin  subcutaneously  injected  iq  the  rat.  Roger  (8)  and 
Hatcher  and  Bailey  (9)  })oth  showed  that  the  mammalian  liver  di^ 
not  absorb  any  strophanthin  when  the  drug  was  injected  into  the 
portal  vein.  Clark  (5)  found  no  destruction  of  strophanthin  by  the 
tJHSueH  of  the  rat  or  snake. 

But  the  fact  that  this  type  of  congenital  tolerance  is  due  to  insus- 
ceptibility, in  the  tolerant  animal,  of  the  tissues  upon  wiiich  the  drug 
acts  is  capable  of  the  following  more  direct  proof.  Strophanthin  kills 
by  its  toxic  action  on  the  heart  alone,  l-'nuser  and  Mackenzie  (10) 
showed  that  the  difference  in  concentration  which  is  toxic  for  the 
heart  as  compared  with  other  tissues  of  a  given  animal  (frog)  is  very 
wide,  an<l  tlicn*  is  ample  evidence  to  prove  that  when  strophanthin  is 
injected  subcutaneously  the  heart  stops  Iwfore  any  other  tissue*  is 
vitally  afTected.  If  tlw;  tolerance  is  due  to  a  tissue  insusceptibility, 
it  ought  therefore  to  Ih»  revealed  clearly  by  [KM-fusion  of  tlu;  isolated 
hi'tiri.    (Junn  (11)  showed  that  it  required  about  30  times  the  concen- 
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tration  of  strophanthin  (perfused  in  Locke's  solution)  to  arrest  the 
rat's  heart  as  sufficed  to  arrest  the  rabbit's  heart  in  the  same  time. 
As  the  M.L.D.  for  the  rat  was  about  30  times  that  for  the  rabbit,  no 
further  explanation  of  the  tolerance  was  needed.  This  was  later 
established  for  the  snake's  heart  by  Clark,  who  also  came  to  the  coij- 
clusion  that  the  tolerance  of  the  snake  is  entirely  due  to  an  insuscepti- 
bility of  the  heart  to  the  action  of  the  drug. 

The  further  explanation  of  why  there  is  this  quantitative  difference 
in  different  animals  must  depend  upon  the  fundamental  method  of 
action  of  strophantliin  on  the  heart;  and  this  is  rather  beyond  the  scope 
of  this  review.  It  may  be  stated,  however,  that  according  to  Straub 
(12)  strophanthin  acts  by  altering  the  physical  condition  of  the  surface 
membrane  of  the  cells,  without  entering  into  chemical  combination 
with  the  cell  constituents.  Neither  he  nor  Clark  (5)  could  find  any- 
thing beyond  traces  of  strophanthin  absorbed  by  the  perfused  heart. 
The  tolerance  of  these  animals  to  strophanthin  must  depend,  therefore, 
upon  some  physical  difference  in  the  surface  membrane  of  the  cells 
of  the  tolerant  animals  as  compared  with  other  animals,  and  this 
difference  is  probably  a  quantitative  one  seeing  that  the  same  qualita- 
tive effects  are  produced  in  the  heart  of  both  groups  of  animals  but 
only  by  different  concentrations. 

The  question  of  the  relation,  if  any,  between  the  immunity  of  the 
toad  to  its  own  venom  or  to  digitalis  glucosides  and  the  fact  that  the 
toad  secretes  a  poison  having  a  similar  action  has  naturally  attracted 
attention.  Vulpian  (2)  considered  that  the  insusceptibility  of  the 
toad  to  its  own  poison  was  due  to  "a  sort  of  accustoming  produced  by 
continued  molecular  absorption  of  the  toxic  humour."  Phisalix  and 
Bertrand  (13)  found,  by  biological  assay,  toad  poison  in  the  blood  of 
the  toad  and  also  ascribed  the  tolerance  to  self -immunization.  This 
explanation  was  the  more  welcome  when  the  modern  lore  of  immunity 
developed.  There  are  many  facts  which  render  this  hypothesis  suspect, 
and  it  may  be  worth  while  to  examine  those  facts  here  as  the  problem 
is  one  of  considerable  interest  for  immunity  generally. 

Kobert  (14)  stated  that  the  larva  of  the  toad  and  of  the  frog  are 
equally  susceptible  both  to  toad  poison  and  helleborein  and  that  this 
was  explained  by  the  fact  that  the  venom  is  developed  only  in  the 
skin  of  the  adult  toad,  and  that  the  larva,  not  having  been  immunized 
by  absorption  of  poison,  is  just  as  susceptible  as  the  frog  larva.  I  have 
not  found  any  details  of  his  experiments  or  of  the  stages  at  which  the 
larvae  were  examined.     The  statement  is  certainly  not  true  so  far  as 
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the  reaction  of  tadpoles  to  strophanthin  is  concerned.  I  found  (6) 
that  the  difference  between  frog  and  toad  tadpoles  is  just  as  great  as 
between  the  mature  animals.  Frog  tadpoles  were  killed  by  1  in  20,000 
strophanthin  within  24  hours,  and  by  1  in  100,000  within  a  week, 
whereas  toad  tadpoles  continued  to  live,  and  indeed  completed  their 
metamorphosis,  in  a  solution  of  1  in  1000,^ — ^an  astonishing  and  un- 
expected degree  of  tolerance,  even  in  these  circimistances,  to  a  substance 
the  M.L.D.  of  which  for  the  adult  frog  was  about  half  a  milligram  per 
kilo.  If  it  is  true  that  the  poison  is  developed  only  in  the  adult  toad, 
this  goes  far  to  disprove  the  assumption  that  the  inomunity  of  the  toad 
to  strophanthin  is  due  to  absorption  of  its  own  venom. 

As  I  have  pointed  out  elsewhere  (11),  the  immunity  of  tfie  rat  to 
strophanthin  cannot  be  explained  by  absorption  of  any  known  poison 
it  secretes.  Clark  (5)  found  no  body  resembling  digitalis  in  action  in 
snake's  blood  and  "the  explanation  of  the  toad's  tolerance  does  not 
apply  in  the  case  of  the  snake."  Though  the  grass  snake  shows  an 
immunity  to  strophanthin  (which  acts  physiologically  like  toad  poison) 
the  toad  shows  no  increased  immunity  to  snake  venom  (6) .  The  analogy 
of  the  immunity  of  snakes  to  snake  venom  is  illuminating.  Snakes 
are  highly  immune  to  venom  and  this  has  always  been  regarded  as  due 
to  self -immunization.  But  the  reasoning  is  illogical  for  the  grass  snake 
is  also  highly  immune  to  snake  venom,  the  M.L.D.  of  cobra  venom  for 
the  grass  snake  being  over  100  times  the  M.L.D.  for  the  frog;  and  yet 
the  grass  snake  has  no  venom  gland.  It  might  be  supposed  that, 
though  the  grass  snake  has  no  venom  gland,  it  might  be  self-immunized 
by  some  constituent  in  its  blood  allied  to  venom.  But  the  cat  shows 
also  a  high  immunity  to  colubrine  venoms  (15),  and  even  if  it  might  be 
supposed  to  harbor  some  undiscovered  secretion  of  the  nature  of  a 
colubrine  venom,  it  is  hardly  probable  that  it  should  also  secrete  a 
substance  like  a  viperine  venom,  and  yet  the  cat  is  also  higher  tolerant 
of  viperine  venoms  (16).  Moreover  Abel  and  Macht  (17)  found  that 
though  the  toad,  Bufo  Agua,  is  relatively  inuuune  to  the  digitalis-like 
constituent  of  its  venom  (Bufagin),  it  is  not  similarly  immune  to  the 
epinophrin  in  its  venom  gland;  and  animals  do  not  soom  to  become 
highly  iininune  to  their  own  internal  secretions  by  continued  alisorption 
of  them.  Indeed,  if  the  toad  were  to  Ijccomc  immunized  to  the  digitalis- 
like constituent  of  its  venom  by  continual  ah.sorfition  of  it,  so  far  from 
this  being  a  rooult  so  axiomatic  as  hardly  to  merit  ]>r()of,  it  would  seem 
to  t)e  an  exceptional  occurrence. 
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In  short,  that  self-immunization  is  a  necessary  preliminary  to  con- 
genital tolerance  is  clearly  disproved  by  the  occurrence  of  tolerance 
in  animals  which  secrete  no  poison;  that  continual  absorption  of  a 
poison  does  not  necessarily  lead  to  immunity  is  shown  by  the  fact 
that  animals  do  not  become  immune  to  their  own  internal  secretions; 
the  immunity  of  the  grass  snake  to  venoms  shows  that  the  immunity 
of  venomous  snakes  to  venom  is  probably  not,  or  at  least  not  solely, 
due  to  self-immunization.  Heterodox  though  the  opinion  may  be, 
it  seems  more  in  accordance  with  facts  to  suppose  that,  in  the  case  of 
animals  which  secrete  a  poison  and  which  show  immunity  to  it,  the 
congenital  tolerance  preceded  the  evolution  of  the  poison  secretion, 
and  that  possiblj'-  it  was  only  in  animals  which  possessed  an  inherent 
insusceptibility  to  a  particular  type  of  poison  that  the  evolution  of 
such  a  poison  to  a  useful  degree  of  development  was  possible. 

Congenital  tolerance  of  the  hedgehog  to  cantharidin.  The  hedgehog 
shows  a  remarkable  resistance  to  a  variety  of  poisons,  one  of  which  is 
cantharidin.  EUinger  (18)  calculated  that  one  gram  of  cantharidin 
is  a  fatal  dose  for  20,000  kgm.  of  man,  500  kgm.  of  rabbit,  and  7  kgm. 
of  hedgehog.  He  found  that  this  tolerance  was  not  due  to  defective 
absorption,  for  it  was  true  also  of  intravenous  injection.  It  was  not 
due  to  chemical  change  or  neutralization  in  the  body  because  canthar- 
idin could  be  recovered  unaltered  in  the  urine.  His  experiments 
showed  clearly  that  the  tolerance  was  due,  partly  at  least,  to  an  in- 
susceptibility of  the  kidney  cells  to  the  action  of  cantharidin.  For 
example,  after  an  intravenous  dose  of  0.02  gram  in  a  hedgehog— a 
dose  which  produced  trifling  effects — 0.014  gram  was  isolated  from 
the  urine  of  24  hours,  whereas  0.0001  gram  would  produce  a  severe 
acute  hemorrhagic  nephritis  in  a  rabbit.  As  in  the  case  of  strophan- 
thus,  so  congenital  tolerance  of  the  hedgehog  is  due  chiefly  to  an  in- 
susceptibility of  the  tissues  in  the  tolerant  animal  to  the  action  of  the 
drug. 

Many  other  instances  of  congenital  tolerance  are  known,  some  of 
which  will  no  doubt  prove  to  be  of  the  above  type.  Heuser  (3)  found 
that,  to  produce  motor  paralysis,  a  dose  100  times  greater  of  curare 
is  required  for  salamandra  maculata  than  for  rana  temporaria.  He 
was  unable  to  confirm  the  statement  of  Phisalix  that  this  was  due  to 
an  antagonistic  action  of  salamander  serum.  In  this  case  tolerance 
may  be  due  to  tissue  insusceptibility.  But  that  congenital  tolerance 
is  not  always  due  to  this  will  be  seen  in  the  case  of  the  tolerance  of  the 
rabbit  to  atropine. 
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Congenital  tolerance  of  the  rabbit  to  atropine.  Buys  (19)  incubated 
emulsions  of  organs  of  frog,  rabbit  and  dog  with  hyoscyamine  and  then 
extracted  the  hyoscyamine  from  the  mixture.  He  found  that  the 
liver  of  the  frog  and  rabbit  completely  destroyed  hyoscyamine,  whereas 
the  liver  of  the  dog  did  not.  As  the  frog  and  rabbit  were  more  tolerant 
of  atropine  than  the  dog,  the  superior  destruction  by  the  liver  in  the 
former  animals  pointed  to  an  explanation  of  this  tolerance,  and  this 
was  the  starting  point  for  a  series  of  observations  on  the  power  of  the 
liver  and  other  tissues  to  destroy  alkaloids,  a  large  number  of  these 
observations  being  concerned  with  atropine. 

Cloetta  (20),  regarding  the  action  of  atropine  as  one  chiefly  on  the 
nervous  system,  endeavored  to  determine  whether,  when  atropine  was 
injected,  there  was  a  difference  in  different  animals  in  the  amount  of 
retention  of  it  by  the  brain  tissue.  He  used  the  rabbit  (M.L.D.  sub- 
cutaneously  0.5  gm.  per  kilo)  as  a  tolerant  animal  compared  with  the 
eat  (M.L.D.  subcutaneously  0.03  gm.  per  kilo).  He  found  no  atropine 
in  the  brain  of  either  and  no  difference  in  the  rate  with  which  atropine 
disappeared  from  the  blood.  Seeing  that  he,  confirming  Wiechowski 
(21),  was  able  to  recover  only  less  than  half  of  the  injected  atropine  in 
the  excretions,  he  concluded  that  atropine  mast  be  destroyed  in  the 
organism  and  endeavored  to  locate  this  destruction.  Incubating 
atropine  with  liver  and  brain  emulsions,  he  found  that  both,  but 
especially  the  liver,  could  destroy  atropine  and  that  this  power  was  more 
marked  in  the  rabbit  than  in  the  eat  or  dog. 

Fleischmann  (22),  following  up  older  oKsorvations  that  a  given  dose 
of  atropine  produced  more  prolonged  action  in  Berne  rabbits  than  in 
rabbits  from  other  districts  and  that  this  was  due  to  degenerative 
enlargement  of  the  thyroid  common  in  the  former  animals,  found  that 
the  blood  (whole  or  defibrinated)  or  the  scrum,  of  normal  rabbits  could 
destroy  atropine  when  left  in  contact  with  it  in  vitro,  but  that  the  serum 
of  goitrous  rabbits  did  not.  Sera  of  other  animals  (fowl,  calf,  man) 
had  not  thi.s  destructive  power.  Later  (23)  he  claimed  to  show  that 
the  serum  of  man  destroyed  atropine  exclusively  in  cases  of  thyroid 
difloaKo.  Thyroid  extract  itself  did  not  destroy  atropine.  Of  the 
guinea  pig,  sheep,  dog,  cat,  calf  and  fowl,  only  the  scrum  of  the  first 
had  any  marked  destructive  action  on  atropine.  Ho  came  to  the 
general  ronchwion  that  the  power  of  the  blood  to  destroy  atropine 
goes  parallnl  with  tl»e  natural  nsiMbmce  to  atropirw  in  difTcrent  species 
and  in  different  indivichials. 
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Clark  (24)  found  that  in  the  frog  the  liver  markedly,  and  the  heart 
and  kidney  slightly  destroyed  atropine  in  vitro  but  not  the  blood 
(confirmed  by  Oettingen);  that  in  the  rabbit,  the  liver  and  serum 
destroyed  atropine,  but  no  other  organ;  that  in  the  rat  and  cat,  no 
organ  destroyed  atropine,  not  even  the  liver  or  serum. 

Metzner  (26)  confirmed  Fleischmann's  observation  that  rabbit's 
blood  could  destroy  atropine,  but  was  unable  to  correlate  the  differ- 
ences in  resistance  in  individual  rabbits  with  changes  in  the  thyroid. 
He  did  agree,  however,  that  the  differences  in  individual  resistance 
which  were  marked  in  rabbits  did  follow  differences  in  individual  de- 
structive power  of  the  blood.  Danielopolu  (27)  found  that  the  serum 
of  a  rabbit  had  a  less  intense  action  on  the  pure  alkaloid  than  on  the 
sulphate  and  that  the  serum  of  man,  sheep  and  guinea  pig  had  no  action. 
Doblin  and  Fleischmann  (28)  showed  that  washed  red  blood  corpuscles 
of  rabbits  had  no  power,  corresponding  to  that  of  serum,  to  destroy 
atropine.  Schinz  (29)  found  great  individual  differences  in  different 
rabbits  in  the  amount  of  atropine  required  to  paralyze  the  vagus  and  a 
marked  correlation  between  these  differences  and  the  differences  in 
the  destructive  power  of  the  blood. 

Though  there  are  discrepancies  in  these  results,  certain  points  common 
to  them  may  be  taken  as  established.  The  liver  and  plasma  of  the 
rabbit  and  the  liver  of  the  frog  show  a  power  to  destroy  atropine,  which 
is  not  shared  by  these  or  other  tissues  of  less  tolerant  animals.  That 
the  liver  is  more  important  than  the  plasma  in  this  respect  is  suggested 
by  the  fact  that  it  is  the  only  organ  which  possesses  this  power  in  the 
frog — the  most  tolerant  of  all  animals.  Moreover,  according  to  Schinz, 
to  produce  the  same  effect  in  the  rabbit  by  injection  into  a  mesenteric 
vein  as  by  injection  into  an  ear  vein,  a  dose  twenty  times  greater  is 
needed.  This,  if  true,  would  almost  certainly  imply  that,  even  in  the 
rabbit,  the  destructive  action  of  the  liver  is  more  important,  or  at 
least  more  rapid,  than  that  of  the  serum.  It  shows  too  that  the  de- 
structive action  of  the  liver,  shown  by  various  observers  in  vitro,  is 
operative  even  in  a  higher  degree  in  vivo.  That  destruction  of  atropine 
occurs  in  vivo  in  the  rabbit,  as  also  that  it  is  an  important  factor  in 
explaining  the  congenital  tolerance  of  this  animal  to  atropine,  is  shown, 
among  other  ways,  by  the  experiments  of  Heffter  and  Fickewirth  (30) 
who  found  that  though  the  M.L.D.  by  subcutaneous  injection  is  greater 
for  the  rabbit  than  for  the  dog,  the  M.L.D.  by  intravenous  injection 
is  the  same  in  both.  The  tissues  of  both  animals  are  equally  susceptible 
to  the  toxic  action  of  the  drug,  but,  when  the  alkaloid  is  injected  sub- 
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cutaneously,  less  atropine  in  an  active  form  reaches  those  of  the  rabbit 
owing  to  the  destruction  of  the  alkaloid  which  goes  on  in  this  animal 
pari  passu  with  absorption,  but  which  does  not  take  place  in  the  dog. 

While  the  general  contention  of  these  experiments  has  been  to  establish 
a  parallel  between  congenital  tolerance  (in  individuals  and  species) 
to  atropine,  and  the  power,  peculiar  or  at  least  enhanced,  which  certain 
tissues  in  these  more  tolerant  animals  possess  to  destroy  the  alkaloid, 
it  must  be  pointed  out  that,  so  far  as  our  knowledge  goes,  the  parallel 
is  far  from  complete.  Indeed  this  would  perhaps  have  more  clearly 
been  realized  but  for  a  haziness  of  knowledge  as  to  the  relative  degree 
of  tolerance  to  atropine  in  different  animals.  An  earlier  estimate  of 
this  was  given  by  Richet  (31),  and  a  later  one  by  Clark  (24),  the  latter 
being  a  table  summarizing  the  M.L.D.  for  different  animals  as  found 
by  different  observers.  This  has  more  recently  been  reinvestigated 
by  Willberg  (32)  in  a  very  complete  series  of  experiments,  and  he  has 
found  the  M.L.D.  of  carefully  dried  atropine  sulphate  by  subcutaneous 
injection  in  grams  per  kilogram  to  be  as  follows:  white  rat,  0.75; 
guinea  pig,  0.45;  rabbit  (from  Luga)  0.5,  (from  Dorpat)  0.25;  white 
mouse,  0.4;  dog  (young)  0.23,  (full-grown)  0.2;  cat,  0.13;  fowl,  0.75; 
duck,  0.25;  pigeon,  0.22;  bullfinch  0.16.  All  observers  place  the  frog 
at  over  1.0.  In  regard  to  the  two  most  tolerant  warm-blooded  animals — 
the  rat  and  the  fowl—Clark  has  shown  that  no  tissue  in  the  rat  seems 
to  destroy  atropine  and  other  observers  have  failed  to  find  any  destructive 
power  of  fowl's  serum.  As  Clark  has  pointed  out,  some  other  reason 
is  needed  to  explain  the  tolerance  of  the  rat;  and  it  may  also  be  needed 
to  explain  the  tolerance  of  the  fowl,  though  a  destructive  action  of  the 
liver  has  not  been  excluded  in  the  latter. 

Certainly  one  of  the  most  remarkable  examples  of  difference  of 
resistance  in  individuals  of  the  same  species  is  this  difference  in  sus- 
C5eptibility  to  atropine  between  rabbits  from  different  districts,  and 
the  explanation  of  this  has  been  shown  fairly  conclusively  to  be  of  the 
same  natur(>  as  that  of  difference  in  susceptibility  between  different 
species.  Clark  considered  that  part  of  this  difference  might  be  due  to 
agjP,  as  the  M.L.I).  ix'r  kilogram  for  young  rats  was  about  half  that 
for  adult  rats;  but  Willberg's  experiments  in  dogs  seem  to  show  that  in 
thiM  animal  youn^  are  more  resistant  than  adults.  Perhaps  a  suflicient 
numlxtr  of  experiments  luis  not  yet  been  done  to  determine  this  age 
(lifTcrcnco  which  may  not  be  of  the  same  type  in  all  species. 

Acquired  tolehance:  Acquired  tolerance  to  atropine.  Hecikcl  (33) 
fod  guinea  pigH,  rabbits  and  rats  for  long  periods  exclusively  on  the 
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leaves  and  roots  of  belladonna  or  hyoscyamus  without  producing  any- 
ill  effects.  He  claimed  that  the  animals  thereby  acquired  a  slightly 
increased  resistance  to  subcutaneous  injection  of  atropine  (M.L.D. 
0.6  instead  of  0.5),  and  also  to  the  local  mydriatic  action.  Similar 
experiments  by  Lewin  (34)  gave  similar  results. 

After  the  discovery  by  Cloetta,  Fleischmann  and  others  that,  es- 
pecially in  tolerant  animals,  the  liver  and  blood  possessed  the  power  to 
destroy  atropine,  experiments  were  made  to  determine  whether  this 
power  was  increased  in  animals  subjected  to  prolonged  dosage  with 
atropine.  Cloetta  (35)  found  that  in  the  case  of  rabbits  which  had 
received  increasing  doses  for  6  or  7  months  the  destructive  function  of 
the  liver  and  blood  was  to  an  appreciable  degree  augmented.  This 
did  not  occur  in  the  cat.  In  the  case  of  both  rabbits  and  cats  the  amount 
and  rapidity  of  excretion  in  the  urine  increased  in  the  accustomed 
animal.  He  did  not  determine  whether  his  "immunized"  animals 
could  withstand  more  than  the  normal  M.L.D.  Doblin  and  Fleisch- 
mann (28)  treated  a  dog  for  six  weeks  with  daily  injections  of  atropine 
and  found  no  atropine-destroying  substance,  normally  present  or 
developed,  in  the  blood.  .Schinz  (29)  reinvestigated  the  problem  in 
rabbits  and  got  varying  results  according  to  the  degree  of  natural 
tolerance  in  individual  rabbits.  Like  other  observers,  he  found  wide 
individual  differences  in  atropine-tolerance  in  different  rabbits.  He 
confirmed  the  observation  that  these  differences  corresponded  with 
differences  in  the  power  of  the  blood  in  vitro  to  destroy  atropine.  He 
obtained  different  results  from  immunization  in  the  two  groups.  In 
rabbits  with  a  naturally  high  resistance,  which  co-existed  with  a  high 
power  of  the  blood  to  destroy  atropine,  this  power  in  vivo  and  in  vitro 
was  markedly  increased  by  immunization,  whereas  in  rabbits  with  a 
low  natural  resistance,  whose  blood  had  little  power  to  destroy  atropine, 
this  power  was  not  similarly  increased.  He  found  also  that  this  atro- 
pine-destroying function  of  the  blood  could  be  passively  conferred 
upon  less  tolerant  rabbits  and  cats,  by  the  injection  of  the  serum  from 
a  highly  tolerant  rabbit.  Those  results  are  of  considerable  theoretical 
importance  and  require  further  confirmation.  While  it  would  perhaps 
be  unwise  to  accept  them  in  the  meantime  without  reservation,  so 
far  as  they  go  they  point  to  the  conclusion  that  in  animals  whose  blood 
originally  possesses  little  or  no  power  to  destroy  atropine  this  power 
cannot  be  originated,  still  less  increased,  by  immunization,  but  in  those 
whose  blood  can,  to  begin  with,  definitelj'^  destroy  atropine  this  power 
can  be  further  augmented  by  immunization. 
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That  the  liver,  and  especially  that  the  serimi,  of  animals  which  show 
either  congenital  or  acquired  tolerance  to  atropine  should  possess  the 
power  to  neutralize  or  destroy  the  alkaloid  raises  the  even  more  in- 
teresting questions  as  to  what  is  the  nature  of  the  substance  responsible 
and  also  whether  it  corresponds  in  anj'  way  to  the  antibodies  formed 
against  proteins  (toxins).  While  no  final  answer  to  these  questions 
has  j'et  been  given,  some  progress  has  been  made.  An  estimate  of  the 
capacity  of  the  blood  to  destroy  atropine  can  be  obtained  from  an 
experiment  of  Flcischmann  who,  using  a  frog  heart  arrested  by  mus- 
carine as  a  biological  test  for  atropine,  found  that  1  cc.  of  rabbit's 
serum  could  destroy  0.1  mgm.  of  atropine  in  30  minutes.  As  to  the 
nature  of  the  active  substance,  Metzner  (26)  found  that  the  action 
of  serum  was  destroyed  by  heating  to  60°C.  Clark  (24)  confirmed  this 
and  found  that  the  substance  passed  through  a  Berkefeld  but  not  a 
Chamberland  filter,  acted  slowly  and  in  some  respects  resembled  a 
ferment.  Doblin  and  Fleischmann  showed  that  it  did  not  pass  through 
a  Chaml^erland  filter,  was  resistant  to  drying,  not  dialyzable,  not  a 
lipoid,  and  due  to  the  albumin  fraction  of  serum.  They  found  that  it 
did  not  behav'e  toward  complement  like  a  true  antibody.  As  to  the 
chemical  changes  involved  in  the  destruction  of  atropine,  Hefftor 
and  Fickewirth  (30)  found  that,  of  the  atropine  administered  by  stomach, 
part  is  excreted  imchanged  in  the  urine,  some  as  tropine  and  some  as 
an  unknown  base.  The  total  amount  of  bases  recovered  was  equivalent 
to  about  half  the  atropine  administered.  They  found  that  the  rabbit 
can,  to  a  certain  extent,  combust  both  tropine  and  tropic  acid,  and  they 
therefore  suggestful  that  the  disappearance  of  atropine  is  due  to  a  split- 
ting followed  by  oxidation  of  the  components.  So  far  therefore  as  the 
I)res<'nt  state  of  knowledge  goes  it  would  seem  that  in  cases  of  con- 
genital or  accjuired  toleranci?  (individual  or  specific)  to  atropine,  this 
tolerance  is  due  mainly  to  the  power  of  the  liver,  or  of  the  blood,  or 
of  both,  to  destroy  atropine,  and  this  pow^r  resid(»s  in  something  of 
the  nutur(>  of  a  fernirnt  or  ferments  not  yet  proved  to  be  the  same 
for  Iwth  liver  and  blood— which  effect  the  destruction  of  atropine  by 
Mplitting  it  and  thc'U  oxidizing  its  cornponetit  parts. 

In  regard  to  the  other  ulkuloids  related  to  atropine,  little  work  has 
IxH'n  done  in  relation  to  tolerance.  Buys  found  that  the  rabbit's  liver 
(lc«troy«  hyoHeyarnin,  and  Doblin  and  I'leischnuum  that  the  rabbit's 
ftcrum  can  destroy  both  hyoHciiH'und  homatropiiie.  \  very  riMiiarkable 
fact  and  one  worthy  of  further  investigation  has  however  been  (hs- 
covcred  by  Van  I^«e»win  (36),  namely,  thai   the  monkey  <'\liiliils  an 
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extraordinary  tolerance  to  hyoscine,  as  compared  with  man.  This 
may  very  possibly  be  related  to  the  indubitable  individual  differences 
in  susceptibility  to  hj'^oscine  observed  clinically  in  man.  Blair  (37) 
has  pointed  out  that  in  cases  of  addiction  to  a  combination  of  heroin 
and  hyoscine  a  considerable  tolerance  is  required  not  only  to  heroin 
but  also  to  hyoscine.  It  would  seem  therefore  that  acquired  tolerance 
to  hyoscine  is  possible  in  man. 

Acquired  tolerance  to  alcohol.  It  is  a  matter  of  common  observation, 
or  even  of  experience,  that  the  symptoms  produced  by  alcohol  become 
less  manifest  with  repeated  use  of  it.  A  very  recent  statement  by 
Mott  (38)  may  be  taken  as  an  estimate  of  the  degree  of  tolerance  which 
can  be  successfully  attained.  ''As  a  result  of  continued  use,  tolerance 
can  be  acquired  so  that  the  habitual  drunkard  may  coftsume,  without 
becoming  intoxicated,  quantities  of  alcohol  as  beverages  which  would 
cause  well  marked  signs  of  drunkenness,  or  even  prove  fatal,  to  a  person 
not  accustomed  to  it." 

Pringsheim  (39)  was  the  first  to  make  exact  experiments  to  determine 
the  cause  of  this  acquired  tolerance.  He  produced  tolerance  in  rats 
and  rabbits  by  administration  of  daily  doses  of  alcohol  for  a  month. 
He  found  that,  in  rats,  equal  doses  of  alcohol  produced  symptoms  of 
drunkenness  conspicuously  less  marked  in  the  accustomed  animal  than 
in  the  normal  animal;  and,  in  rabbits,  that  a  dose  of  alcohol  which 
produced  a  deep  comatose  condition  lasting  for  several  hours  in  a 
normal  animal,  produced  in  the  accustomed  animal  only  a  moderate 
stage  of  excitation.  It  would  seem  therefore  that,  in  regard  to  the 
acquisition  of  tolerance  to  alcoholic  intoxication,  man  can  boast  of  no 
decided  superiority  over  the  lower  animals.  In  explanation  of  this 
tolerance  his  experiments  led  to  the  following  conclusions.  Normal 
and  tolerant  animals  excrete  the  same  amount  of  alcohol  through  the 
kidneys,  lung  and  skin.  The  feces  in  both  are  alcohol-free.  The  toler- 
ant animal  combusts  alcohol  quicker— in  about  two-thirds  of  the  time 
that  is  required  by  the  normal  animal.  The  percentage  alcohol  content 
of  the  body  in  acute  alcohol  poisoning  reaches  a  higher  degree  in  the 
normal  animal  than  in  the  tolerant  animal — about  66  per  cent  more. 
Tolerance  to  alcohol  is  therefore  to  a  considerable  degree  at  least 
due  to  quicker  oxidation  of  the  poison. 

The  same  type  of  results  was  obtained  by  Schweisheimer  (40)  in 
man.  He  compared  abstainers,  moderate  drinkers  and  confirmed 
drunkards.  He  found  that,  after  equal  doses  of  alcohol,  the  maximum 
concentration  in  the  blood  was  lower,  the  maintenance  of  the  sustained 


54  J.    A.    GUNN 

high  concentration — Grehant's  plateau — shorter,  and  the  complete 
elimination  from  the  blood  quicker  in  the  tolerant  man  than  the  ab- 
stainer. 

These  experiments  seem  to  prove  conclusively  that  tolerance  to 
alcohol  is  due  partly  to  increased  destruction  of  it, — according  to 
Pringsheim,  mainly  by  the  hver.  But,  as  he  has  pointed  out  and  as 
would  seem  probable  from  other  less  exact  evidence,  the  same  concen- 
tration in  the  blood  produces  less  effect  on  the  nervous  system  in  thfr 
tolerant  than  in  the  unaccustomed  animal.  It  is  probable  therefore- 
that  an  acquired  insusceptibility  of  the  nervous  system  comes  also- 
into  play. 

Hirsch  (43)  found  that  in  the  presence  of  oxygen  and  at  37°C.  alcohol 
is  destroyed  by  the  livers  of  animals  which  have  not  acquired  tolerance. 
This  destruction  was  apparently  due  to  a  ferment  for  it  was  inhibited 
by  heating  the  liver  or  by  the  presence  of  ferment  poisons.  The  liver 
paste  of  rabbits  that  had  acquired  tolerance  was  also  active,  but  not 
more  than  that  of  normal  animals.  Messner  (41)  however  found  no 
recognizable  destruction  of  alcohol  by  incubating  it  for  6  hours  at 
SS^C.  with  tissues  in  vitro.  The  last  word  has  not  yet  been  said  on 
the  subject  for  Mellanby  (42)  states  that  he  has  seen  no  evidence  that 
the  rate  of  destruction  is  increased  in  those  continually  drinking  alcohol, 
nor,  if  it  is  taken  under  constant  conditions,  of  the  development  of 
great  tolerance. 

Pohl  (44)  was  unable  to  produce  tolerance  to  methyl  alcohol  in  dogs, 
but  found  that  a  distinct  tolerance,  so  far  at  least  as  the  symptoms 
went,  wa.s  inducible  to  amyl  alcohol.  Thus  a  dog  which  had  been  treated 
with  amyl  alcohol  for  over  200  days  required  at  the  end  of  that  period 
5  cc.  to  produce  the  same  degree  of  intoxication  as  had  been  produced 
by  1  cc.  in  the  beginning.  It  seems  probal^lc  therefore  that  tlio  dif- 
ferent alcohols  vary  in  regard  to  the  case  with  which  tolerance  can  be 
establiHhod  to  them,  rulwoll  (4'))  who  gave  an  interesting  account  of 
the  practice  of  ether-drirjking  in  Ireland,  .stated  tliat  while  the  intoxicat- 
ing doHc  of  ether  for  a  novice  is  from  1  to  4  drams,  seasoned  topers  can 
consume  large  umountH  up  to  2  or  3  ounces.  Also  while  tlie  beginner 
has  to  drink  water  before  and  after  iiis  dram  of  ether,  the  habitu6 
pcrfors  his  neat,  a  distinction  which  he  shares  with  the  Higldand  ghillie. 
A  local  and  general  tolerance  can  th(«refore  Ik*  acciuircMl  to  ether  probably 
very  similar  to  alcohol  toleranc(\  The  same  is  true  of  puiahl(>Iiy<ie 
thotigh  the  habit  is  rare. 
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Acquired  tolerance  to  artificial  hypnotics.  Man  will  develop  a  habit 
and  acquire  a  certain  amount  of  tolerance  to  nearly  all  hypnotics. 
There  is  perhaps  no  well-defined  tolerance  to  sulphonal  or  bromides 
for,  with  them,  tolerance  is  complicated  by  the  slowness  of  their  ex- 
cretion ;  but  with  most  of  the  others  it  is  well  known  that  tolerance  can 
be  acquired.  It  is  not  easy  to  obtain  sufficiently  reliable  data  to  estimate 
the  degree  to  which  tolerance  can  reach,  but  in  regard  to  the  two  most 
important  hypnotics,  chloral  and  veronal,  it  seems  unquestionable 
that  men  can  come  to  withstand  much  more  than  the  normal  dose,  in 
the  case  of  veronal  possibly  even  lethal  doses.  Not  much  work  has 
been  done  to  explain  tolerance  to  these  substances. 

Wallace  (46)  gave  gradually  increasing  doses  of  chloral  to  dogs  by 
stomach,  and  found  that  so  far  as  symptoms  of  depression  of  the  nervous 
system  were  concerned,  only  a  slight  degree  of  tolerance  was  developed, 
comparable  to  that  displayed  to  alcohol.  Biberfeld  (47)  investigated 
tolerance  to  certain  groups  of  hypnotics.  With  amylene  hydrate  he 
could  produce  no  tolerance  in  rabbits;  but  in  a  dog,  in  which,  to  begin 
with,  4  grams  of  amylene  hydrate  produced  sleep,  8  grams  failed  to  do 
so  after  the  animal  had  received  repeated  injections  for  24  days.  With 
chloral  he  found  that  a  dose  which  produced  sleep  in  a  dog  ceased  to 
be  operative  after  chloral  had  been  administered  regularly  for  five 
weeks.  He  could  produce  no  tolerance  to  sulphonal  or  to  the  urea 
derivatives,  urethane,  bromural  or  veronal.  Bachem  (48)  gave  a  dog 
subcutaneous  injections  of  sodium  veronal  every  three  days  for  about 
two  months  but  found  no  evidence  of  acquired  increased  destruction 
as  shown  by  the  amount  of  veronal  in  the  urine.  ^It  is  not  made  clear 
from  his  account  whether  his  animals  really  developed  any  great 
tolerance. 

Chloral  is  mostly  reduced  in  the  tissues  to  trichlorethyl  alcohol 
whicli  combines  with  glycuronic  acid  to  form  a  physiologically-inert 
urochloralic  acid,  in  which  form  it  is  excreted  in  the  urine.  Wallace 
thought  that  the  formation  of  this  combination  might  possibly  keep 
pace  with  the  increasing  amounts  of  chloral  given  and  by  means  of  this 
protective  agency  a  tolerance  be  established.  He  came  to  the  con- 
clusion however  that  this  combination  could  not  bring  about  any 
great  tolerance.  Biberfeld  came  to  the  same  conclusion  in  regard  to 
amylene  hydrate,  which  also  unites  with  glycuronic  acid. 

Acquired  tolerance  to  cannabis  indica.  A  diminishing  susceptibility 
to  the  action  of  Cannabis  indica  probably  occurs  with  habitual  use. 
Marshall  (49)  found  that  a  definite  tolerance  could  be  produced  in  dogs. 
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Fraenkel  (50)  found  that  rabbits  possess  a  very  high  congenital  toler- 
ance to  Indian  hemp,  in  fact  they  seemed  to  be  almost  completely 
refractor}^  no  effect  being  produced  in  them  by  a  dose  100  times  greater 
than  was  needed  to  produce  typical  haschisch  sleep  in  dogs.  Tolerance 
was  rapidly  induced  in  dogs  to  cannabinol,  but  this  tolerance  seemed 
to  be  limited  to  the  action  on  the  nervous  system,  for  the  animals  lost 
much  weight  during  the  time  of  immunization.  Beyond  the  fact  of  its 
occurrence,  nothing  is  known  of  the  nature  of  this  tolerance. 

Acquired  tolerance  to  opium  alkaloids:  a.  Morphine.  It  is  familiar 
knowledge  that  continued  use  of  opium  or  morphine  in  man  may  lead 
rapidly  to  a  habit  and  to  a  very  remarkable  degree  of  tolerance.  The 
M.  L.  D.  of  morphine  for  man  by  mouth  has  been  estimated  at  about 
3  to  6  grains.  Mclver  and  Price  (51)  found  the  average  daily  dose  of 
morphine,  in  a  group  of  people  addicted  to  its  use,  to  be  about  15  grains, 
and  in  one  case  as  high  as  90  grains.  Wholey  (52)  found  that  one  of 
his  patients  had  been  taking  daily  for  six  weeks  25  grains  of  morphine 
hypodemiically,  and  another  60  grains  by  mouth.  Though  some 
habitues  have  made  exaggerated  statements  as  to  the  amount  of 
opium  or  morphine  they  consumed,  it  is  beyond  dispute  that,  by  con- 
tinued use,  man  may  come  to  withstand,  without  fatal  results,  many 
times  the  dose  that  would  be  lethal  for  one  not  accustomed  to  the  drug. 
Habit  and  tolerance  are  produced  by  absorption  through  any  channel 
by  which  the  drug  can  gain  entrance  to  the  body,  e.g.,  by  opium  smoking 
or  ingestion,  by  hypodermic  injection  of  morphine,  or  by  snuffing  of 
heroin.  Habit  and  tolerance  are  induced  not  only  to  morphine  but  at 
least  to  those  of  the  opium  alkaloids  which  are  closely  rehitod  to  it. 
Wholey  (52)  found  one  of  his  patients  taking  daily  17  grains  of  heroin, 
though  the  lethal  dose  of  heroin  is  less  than  that  of  morphine.  It  seems 
indubitable  that  codeine  is  less  likely  to  form  a  habit,  though  Pelz 
(63)  has  recorded  a  case  of  a  man  who  developed  a  habit  for  codeine 
and  who  eventually  took  25  grains  a  day.  An  unfortunate  seciucl  lo 
habit  is  the  occurrence  of  disagre('ul)l(!  and  even  dangerous  symptoms 
("abstinence"  symptoms)  if  the  habit  is  suddenly  broken  off.  No 
expcrimentH  have  io  my  knowledge  been  made  in  man  to  determine  the 
cause  of  this  ac^juired  tolerance ,  but  a  very  large  number  lias  been 
made  on  lal)oratory  animals,  in  certain  of  whom  at  all  events,  especially 
the  doR,  a  high  degree  of  tolerance  can  be  j)r()duce(l.  Only  the  most 
important  of  thcwc  investigations  will  Iw  considered. 

Exact  oxperimontH  instituted  to  determine  the  nature  of  morphiiK* 
tolerance  were  possible  only  when  something  decisive  becinnc  known 
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concerning  the  fate  of  morphine  in  the  body.  Tauber  (54),  who  gave 
an  excellent  account  of  the  previous  literature  on  the  subject,  first 
enunciated  that  in  the  dog  the  main  channel  of  excretion  of  morphine, 
when  injected  hypodermically,  is  by  way  of  the  alimentary  tract,  only 
negligible  quantities  being  eliminated  in  the  urine.  He  was  able  to 
recover  in  the  feces  over  40  per  cent  of  the  morphine  hypodermically 
administered.  Accepting  and  confirming  Tauber's  view  that  only 
negligible  quantities  of  morphine  were  excreted  in  the  urine,  Faust 
(55)  proceeded  to  investigate  the  changes  that  occurred  in  the  elimina- 
tion of  morphine  in  the  feces  of  dogs  who  had  been  given  gradually 
increasing  doses  of  the  alkaloid  and  who  had  developed  a  well-marked 
tolerance  to  its  actions.  The  results  he  obtained  were  remarkable. 
He  found  that,  whereas  in  acute  morphine  poisoning  about  three-fifths 
of  the  morphine  could  be  recovered  in  the  feces,  the  amount  found  there, 
when  increasing  doses  were  given  daily  for  weeks  and  tolerance  gradually 
established,  rapidly  and  regularly  dwindled  until  in  less  than  two  months 
no  trace  of  morphine  could  be  discovered  in  the  feces.  When  the  animal 
was  killed  at  this  point  no  morphine  could  be  found  in  the  liver,  spleen, 
kidneys,  or  brain.  He  therefore  came  to  the  conclusion  that  the  tolerance 
which  is  acquired  to  morphine  is  due,  not  to  an  accustoming  of  the 
tissues  themselves,  not  to  a  lessened  susceptibility  on  their  part  to  its 
action,  but  to  the  development  on  the  part  of  the  organism  of  the  ability 
to  destroy  increasing  quantities  of  morphine. 

Cloetta  (56)  realized  that  Faust  had  not  revealed  by  what  way  or 
in  what  organs  morphine  was  destroyed,  and  also  pointed  out  a  serious 
objection  to  accepting  increased  destruction  as  the  sole  explanation 
of  morphine  tolerance,  namely,  that  this  destruction  would  have  to  pro- 
ceed with  an  almost  incredible  celerity  to  explain  the  complete  absence 
of  symptoms  in  an  immunized  animal  injected  subcutaneously  with  a 
lethal  dose  of  a  rapidly  absorbed  substance  like  morphine.  He  there- 
fore sought  a  supplementary  explanation.  He  confirmed  the  observation 
that  the  dog  excretes  large  amounts  of  morphine  in  the  feces,  though  he 
found  less  (23  to  32  per  cent)  than  was  found  by  Faust.  In  regard  to 
the  fate  of  morphine  he  found  that,  injected  intravenously,  in  dogs  and 
rabbits,  it  disappeared  almost  completely  within  five  minutes,  and 
completely  within  twenty  minutes,  from  the  blood,  a  result  similar  to 
that  previously  obtained  by  several  observers.  From  experiments 
in  vitro  he  concluded  that  morphine  is  not  destroyed  by  blood  and  must 
therefore  be  destroyed  by  other  tissues.  When  an  animal  (dog  or 
rabbit)  was  killed  after  an  injection  of  morphine  and  at  a  time  (12  to 
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60  minutes)  when  its  action  was  marked,  no  morphine  could  be  found 
in  the  brain  and  Httle  in  the  liver.  Emulsions  of  brain  or  liver  to 
which  morphine  was  added  were  centrifuged  and  larger  quantities  of 
morphine  were  found  in  the  brain  sediment  than  the  liver  sediment. 
He  concluded  that  brain  tissue  had  a  greater  affinity  for  morphine 
than  liver  tissue.  From  the  fact  that  brain  incubated  with  morphine 
in  vitro  destroyed  more  morphine  than  liver  tissue,  he  argued  that  the 
reason  no  morphine  was  found  in  the  brain  after  injection— in  spite  of 
the  fact  that  brain  had  a  greater  affinity  than  other  tissues  for  mor- 
phine— was  due  to  the  fact  that  brain  destroj'ed  the  alkaloid.  He 
proved  that  it  was  actualy  destroyed  by  the  fact  that  in  rabbits  and 
pigeons  killed  by  injection  of  morphine,  less  than  two-thirds  of  the 
amount  injected  could  be  recovered  in  the  whole  carcass.  He  found 
that  in  a  tolerant  rat  or  pigeon  (daily  injections  for  7  or  8  months) 
morphine  disappeared  from  the  body  within  two  days,  but  not  within 
four  hours,  after  the  last  injection.  The  rate  of  destruction  did  not 
appear  to  be  much  quicker  than  in  the  normal  animal  though  from  a 
comparison  of  the  destructive  actions  in  vitro  of  tissues  of  normal  and 
tolerant  animals  he  claimed  to  find  that  in  the  former  the  brain  had 
acquired  an  enhanced  power  to  absorb  and  destroy  morphine.  Though 
Cloetta  admitted  that  his  experiments  did  not  solve  the  whole  problem 
of  morphine  tolerance,  they  led  to  an  amplification  and  revision  of 
Faust's  view.  Briefly,  they  claimed  to  show  that  morphine  is  actually 
destroyed,  not  hidden,  in  the  body;  that  this  destruction  is  effected 
largely  by  the  brain  itself;  but  that  even  in  an  immunized  animal  the 
destniction  though  greater  than  in  a  normal  animal  is  not  sufficiently 
complete  altogether  to  explain  the  tolerance. 

Modification  of  Faust's  theory  was  further  necessitated  by 
experiments  of  Ilubsamen  (57).  He  compared  normal  and  immunized 
rats  in  regard  to  their  power  to  destroy  morphine  as  estimated  liy  the 
amount  recoverable  from  the  whole  carcase,  and  found  that,  coinciding 
with  the  prwluction  of  tolerance,  there  occurred  an  ability  to  destroy 
larger  quantities  of  morphine  more  completely  and  more  rapidly. 
8o  far  his  experiments  wore  in  agreement  with  those  of  Faust  and 
Cloetta.  But  this  destruction  did  not  occur  sufficiently  quickly  to 
explain  the  tolerance,  l)ecaus<!  rats  which  could  withstand  2  M.  L.  D. 
with  imptmity  wore  found  to  contain  in  their  tissues  an  amount  of 
morphine  sufficient  to  produce  profound  toxic  effects  in  unimmuiiized 
animnls.  In  regard  to  the  Kite  of  this  destruction,  using  an  improved 
technique,  ho  failed  to  find  any  destruction  in  vitro  by  the  brain  of  the 
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dog,  rabbit  or  rat,  either  normal  or  immunized,  being  thus  in  complete 
contradistinction  to  Cloetta.  He  concluded  that  there  were  two 
causes  of  morphine  tolerance,  in  the  first  place  an  increased  power  of 
destroying  morphine  (not  explained  by  in  vitro  experiments),  and 
secondly,  a  diminished  susceptibility  of  the  tissues  to  its  action^ — an 
assumption  necessary  to  explain  the  fact  that,  for  some  time  after 
injection,  a  quantity  of  morphine  could  be  found  in  the  immunized 
animal  (showing  no  symptoms)  which  would  produce  profound  effects 
in  an  unimmunized  animal. 

Albanese  (58)  found  that  the  liver  of  a  normal  dog  had  practically 
no  power  to  destroy  morphine,  nor  had  that  of  an  immunized  dog 
(daily  injections  for  3  months)  if  the  liver  were  taken  a  few  hours  after 
the  last  injection;  if  however  the  immunized  dog  were  killed  60  hours 
after  the  last  injection,  then  the  liver  possessed  an  extraordinary  power 
to  destroy  morphine.  Dorlencourt  (59)  contradicted  these  results  in 
their  entirety,  for  he  found  that  the  liver  of  both  normal  and  tolerant 
dogs  destroyed  morphine  (the  latter  to  a  greater  degree  and  in  proportion 
to  the  tolerance  developed),  but  that  there  was  no  increase  during  the 
abstinence  period  such  as  was  described  by  Albanese. 

It  is  difficult  to  come  to  a  conclusion  from  results  so  divergent. 
Even  if  these  in  vitro  experiments  on  morphine  destruction  were  in 
agreement,  they  would  still  have  to  be  reconciled  with  older  experiments 
of  Tauber  (54)  who  found  that  when  blood  containing  morphine  was 
perfused  through  the  liver  and  kidney  of  the  pig,  practically  none  was 
destroyed  (other  than  could  be  accounted  for  by  unavoidable  loss 
by  the  method  used)  though  the  morphine-containing  blood  was  reper- 
fused  through  these  organs  for  about  a  score  of  times  for  a  period  of 
about  two  and  a  half  hours. 

As  if  confusion  were  not  already  sufficiently  confounded,  Kauffmann- 
Asser  (60)  obtained  results  which  in  points  of  essential  importance 
disagreed  with  those  of  his  predecessors  from  Tauber  onwards.  After 
a  single  injection  of  morphine  in  rabbits  or  dogs  he  found  amounts 
varying  from  5  to  30  per  cent  of  the  morphine  in  the  urine.  In  a  dog 
which  received  daily  injections  for  17  days,  3  to  13  per  cent  was  re- 
coverable in  the  urine,  and  the  amount  did  not  fall  off  in  that  time. 
A  remarkable  result  was  obtained  in  the  rabbit  immunized  by  daily 
injections,  for  the  amount  of  morphine  in  the  urine  increased  from  5 
per  cent  to  begin  with  to  a  maximun  of  39  per  cent  on  the  12th  day, 
and  then  fell  gradually  to  nil  on  the  22nd  day.  While  therefore  other 
observers  had  proceeded  on  the  fundamental  assumption  that  the 


60  J.   A.   GUNN 

excretion  of  morphine  in  the  urine  is  negKgible,  Kaiiffmann-Asser 
found  amounts  in  the  urine  sometimes  even  greater  than  in  the  feces. 
These  experiments  can  be  disregarded  if  the  recent  criticism  of  Oshika 
(61)  is  true,  namely,  that  the  method  used  by  Kaufmann-Asser  is  not 
appUcable  to  the  estimation  of  morphine  in  the  urine. 

These  experiments  have  attempted  to  solve  the  problem  of  morphine 
tolerance  by  a  quantitative  comparison  of  the  amounts  destroyed  in 
a  normal  and  tolerant  animal  respectively,  but  the  problem  has  been 
attacked  from  other  angles.  Van  Egmond  (62)  found  that,  in  dogs, 
morphine  in  doses  of  0.04  mgm.  per  kilo  upwards  produced  a  marked 
slowing  of  the  pulse  which  he  experimentally  located  to  a  stimulation 
of  the  vagus  center.  When  a  dog  was  immunized  by  increasing  doses 
until  at  the  end  of  about  three  months  it  was  receiving  0.23  mgm.  per 
kilo,  it  was  found  that  this  dose  no  longer  produced  the  original  symp- 
toms of  vomiting,  narcosis,  etc.,  but  still  at  this  time  a  dose  of  1  mgm. 
per  kilo  lowered  the  pulse  rate  from  120  to  82  for  five  and  a  half  hours, 
just  as  it  had  done  before  inmaunization.  In  other  words,  though  no 
tolerance  had  been  gained  so  far  as  the  vagus  center  for  the  heart  was 
concerned,  a  tolerance  had  been  gained  against  the  symptoms  of  nar- 
cosis, vomiting,  etc.,  to  a  dose  230  times  greater.  He  drew  the  onlj- 
obvious  conclusion  from  this,  namely,  that  tolerance  could  not  be  due 
to  increased  destruction  of  morphine,  for  in  that  case  it  would  be 
impossible  to  explain  the  fact  that  in  the  tolerant  animal  a  minimal  dose 
still  produced  the  same  effect  on  the  vagus  center  for  hours  after  in- 
jection as  it  had  originally  produced  in  the  unimmuiiizod  animal. 
Increased  destruction  of  morphine  at  all  events  of  the  type  adumbrated 
by  Faust  and  others  could  not  explain  a  tolerance  which  was  limited 
to  certain  tissues  only.  Es.sentially  the  same  phenonionon  was  shown 
in  a  slightly  different  way  by  van  Dongen  (63)  who  found  that  in  a 
doK  that  ha<l  received,  in  two  months,  doses  increasing  from  10  to  200 
m{9n.  of  morphine,  while  the  respiratory  center  had  become  tolerant 
of  1800  times  the  smallest  active  dose,  the  vagus  c(>nter  for  the  lieart 
wau,  as  van  Kgmond  had  found,  still  as  sensitive  to  the  minimal  active 
done  ait  in  the  normal  dog.  He  further  arranged  the  desccMiding  order 
in  which  the  cenU^rs  of  the  dog  a(;(juire  tolerance  as  follows:  pupil, 
vomitinK,  diarrhea,  narcosis,  respiratory  center,  and  lastly  the  vagus 
center- which  last  iiidcerl  Heemecl  to  ac(iuire  no  tolerance  at  nil.  Ivs- 
pecially  as  this  order  did  not  correspond  with  the  order  of  susceptibility 
of  the  different  c(>nt<>rH  in  the  normal  animal,  he  came  to  the 
same  conclusion  as  van  Kgmond  that,  whether  or  not  an  increased 
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destruction  also  takes  place,  the  development  of  a  tissue  immunity 
must  also  be  assumed  to  explain  morphine  tolerance.  He  obtained 
no  comparable  results  in  rabbits,  indeed  he  obtained  no  evidence  of 
tolerance  of  any  kind  in  this  animal  by  injections  going  on  for  six  weeks. 
Tamura  (64)  has  also  found  that  the  vagus  center  still  retains  its 
sensitiveness  to  morphine  in  tolerant  animals. 

Other  views  on  morphine  tolerance  can  be  dismissed  more  briefly. 
Hirschlaff  (65)  claimed  that  the  serum  of  rabbits  alleged  to  be  immu- 
nized to  morphine  contained  an  anti-morphine  and  that  this  serum  if 
previously  injected  into  control  animals  would  protect  them  from 
lethal  doses  of  morphine.  But  the  numerous  experimental  errors  upon 
which  this  conclusion  was  based  were  promptlj^  pointed  out  by  Morgen- 
roth  (66);  and  Hirschlaff 's  results  have  been  contradicted  by  every 
subsequent  observer,  up  to,  more  recently,  Pellini  and  Greenfield  (67). 
Marme's  (68)  oxidimorphine  theory  has  also  been  discredited,  though 
Valenti  (69)  has  revived  it  to  the  extent  that  he  claims  that  the  serum 
of  abstinent  dogs  can  produce  circulatory  disturbances  in  normal 
dogs.  He  has  not  found  what  in  the  serum  produces  these  effects, 
and  his  experiments  require  confirmation. 

6.  Other  alkaloids  of  the  morphine  group.  Habit  and  tolerance  are 
common  in  man  to  heroin,  rare  to  codeine.  Bouma  (70)  found  that 
in  dogs  80  to  90  per  cent  of  codeine  injected  subcutaneously  could  be 
recovered  in  the  urine  and  feces,  the  urine  containing  more  than  ten 
times  as  much  as  the  feces.  After  prolonged  administration  no  toler- 
ance was  produced  but  rather  an  increased  susceptibility ;  the  organism 
did  not  acquire  the  power  to  destroy  more  codeine.  Biberfeld  (71) 
found  that  dogs  by  repeated  administration  soon  became  insusceptible 
to  the  sedative  action  of  eucodal  or  of  paracodeine  but  not  to  the  stimu- 
lant actions.  Babel  (72)  found  that  the  brain  tissue  of  rabbits 
immunized  to  morphine  could  destroy  heroin  but  not  codeine,  and  that 
a  pigeon  immunized  up  to  3  M.L.D.  of  morphine  was  still  normally 
susceptible  to  codeine  and  unable  to  destroy  the  latter  alkaloid  in  its 
tissues.  Langer  (73)  found  that  in  the  normal  dog  heroin  was  mostly 
excreted  unchanged  in  the  urine,  a  smaller  amount  appearing  in  the 
feces  as  an  vmdetermined  base,  but  in  a  dog  immunized  by  injections 
for  two  months  no  heroin  could  be  found  in  either  urine  or  feces.  He 
found  that  tolerance  was  rapidly  produced  to  the  depressant  action  of 
heroin  but  not  to  the  convulsive  action.  He  was  unable  to  produce 
tolerance  to  heroin  in  rabbits. 
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To  sum  up  the  question  of  acquired  tolerance  to  these  morphine 
alkaloids,  it  may  be  said  that  tolerance  is  acquired  easily  to  morphine, 
less  easily  to  heroin,  and  with  great  difficulty  to  codeine.  It  is  most 
easily  produced  in  man,  less  easily  in  dogs,  with  difficulty,  if  at  all,  in 
rabbits,  and  not  at  all — according  to  Hausmann  (74)' — in  frogs.  Tol- 
erance is  most  easily  acquired  to  the  depressant  action  on  the  nervous 
sj'stem,  far  less  to  other  actions.  It  is  chiefly  due  to  an  acquired  in- 
susceptibility of  the  nerve  cells  to  this  depressant  action.  Most 
observers  (Faust,  Cloetta,  Rubsamen,  Albanese  with  morphine  and 
Langer  with  heroin)  agree  that  there  is  also  acquired  during  tolerance 
an  increased  power  of  destroying  morphine,  but  as  to  the  details  of 
this  process  there  is  no  convincing  agreement. 

Crossed  tolerance  to  hypnotics.  Clinical  observation  seems  to  have 
established  beyond  controversy  the  fact  that  people  who,  by  long  and 
faithful  use,  have  acquired  an  increased  tolerance  to  alcohol,  become 
thereby  less  susceptible  not  only  to  such  anesthetics  and  hypnotics 
as  ether  and  paraldehyde  but  also  to  chloroform,  chloral  and  even 
veronal.  There  is  also  a  belief,  less  well  founded,  that  a  person  who 
has  acquired  tolerance  to  one  cerebral  depressant  will  tolerate  larger 
quantities  of  other,  even  chemically  unrelated,  narcotics.  The  question 
of  crossed  tolerance  must  obviously  throw  light  on  the  nature  of  the 
original  tolerance,  and  the  experiments  bearing  on  it  may  be  discussed 
here  together. 

There  would  be  no  inherent  improbability  in  supposing  that  a 
mechanism  which  the  organism  could  develop  for  destroying  alcohol 
more  completely,  would  also  effect  an  increased  destruction  of  ether. 
Ether  however  is  not  destroyed  in  the  body  but  excreted  unchanged. 
Ether  tolerance  in  alcoholics  cannot  therefore  be  due  to  increased 
destruction  of  ether,  but  rather  to  an  acquired  insusceptibility  of  the 
nervous  system.  The  presumption  is  that  the  same  thing  occurs  with 
alcohol  itself.  Apart  from  the  still  greater  unlikelihood  that  a  destruc- 
tive mechanism  would  apply  both  to  alcoiiol  and  chloroform,  it  could 
hardly  operate  with  sufficient  rapidity  to  interfere  with  the  quick  onset 
of  ancsthcHia  produced  by  chloroform.  There  is  therefore  a  twofold 
reason  for  ascribing  chloroform  toleranci*  in  alcoholics  to  an  acquired 
inMUHceptibility  of  the  nerve  cells  nith(»r  than  to  an  enhanced  destruction 
of  chloroform.  As  it  is  almost  incre(lii)le  that  su(;h  a  diminished  sus- 
ceptibility should  not  apply  to  the  substance  to  which  tolerance  was 
originally  cutablished,  this,  apart  from  other  evidence  goes  far  to  prove 
that  acquired  tolerance  to  alcohol  is  due  to  acq\iired   insusceptibility 
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of  the  nerve  cells,  and  that  this  conveys  an  insusceptibility  to  other 
cerebral  depressants. 

In  regard  to  other  narcotics  experiments  have  been  made  chiefly 
by  Myers  (72)  and  Biberfeld  (75).  Myers  determined  the  effects  of 
various  hypnotics  upon  normal  dogs  as  compared  with  dogs  previously 
rendered  tolerant  to  morphine.  He  found  that  in  the  latter  crossed 
tolerance  existed  to  heroin  and  codeine.  This  was  manifested  chiefly 
as  regards  their  actions  on  the  respiration  and  equilibrium,  but  not  on 
peristalsis.  No  crossed  tolerance  was  found  to  cannabis  indica  or 
chloral.  He  concluded  that  a  cross  tolerance  may  exist  between 
closely  related  drugs  but  that  this  is  evidenced  only  on  those  functions 
on  which  the  drugs  have  a  common  selective  action.  Biberfeld  found, 
on  the  other  hand,  that  morphine-tolerant  dogs  did  not  acquire  tolerance 
to  hyoscine,  cocaine,  or  even  to  heroin.  Though  these  observations 
are  not  sufficiently  numerous  to  enable  any  comprehensive  generaliza- 
tion to  be  drawn  from  them,  it  seems  more  than  probable  that  acquired 
tolerance  to  one  narcotic  confers  some  tolerance  to  other  narcotics 
and  that  this  tolerance  is  more  or  less  limited  to  actions  which  they 
have  in  common. 

General  conclusions  as  to  acquired  tolerance  to  narcotics.  The  foregoing 
account  of  the  present  state  of  knowledge  in  regard  to  acquired  toler- 
ance to  hypnotics  would  have  little  value  beyond  a  mere  catalogue  of 
results,  were  no  more  general  conclusions  deducible  from  them.  A  wide 
survey  seems  however  to  reveal  certain  points  of  unanimity  that  may 
now  be  summarized,  even  if  they  be  regarded  in  the  meantime  as  merely 
provocative.  (1)  Among  drugs  generally,  it  is  chiefly  to  depressants 
of  the  central  nervous  system  that  tolerance  can  be  acquired, — to 
alcohol,  chloral,  morphine,  etc.,  rather  than  to,  e.g.,  codeine,  strychnine 
or  other  alkaloids.  (2)  When  a  substance  combines  a  depressant  action 
on  certain  parts  of  the  nervous  system  with  a  stimulant  action  on  other 
parts  of  the  nervous  system  or  with  other  physiological  actions,  it  is 
to  the  former  chiefly  or  only  that  tolerance  is  established.  The  ex- 
periments of  Van  Egmond,  Van  Dongen  and  Tamura  with  morphine, 
of  Langer  with  heroin,  and  of  Biberfeld  with  paracodeine  are  all  in 
agreement  on  this  point.  (3)  In  regard  to  these  hypnotics  therefore 
acquired  tolerance  is  largely  if  not  entirely  due  to  the  fact  that  certain 
parts  of  the  central  nervous  system  can  acquire  an  increased  resistance 
to  the  action  of  depressants.  (4)  It  may  not  be  accidental  to  this  that 
tolerance  can  be  acquired  the  more  easily  in  different  animals  in 
proportion  to  the  higher  development  of  the  brain,  e.g.,  in  the  order 
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man,  dog,  rabbit,  frog.  (5)  The  fact  that  some  degree  of  tolerance 
can  be  acquired  to  alcohol,  chloral,  veronal,  morphine,  cannabis  indica, 
hj-oscine,  substances  with  little  or  no  chemical  similarity  but  which 
agree  in  being  cerebral  depressants,  suggests  strongly  that  tolerance 
is  more  intimately  connected  with  their  actions  on  the  nervous  system, 
in  which  they  agree,  than  with  increased  destruction  of  them,  in  the 
mechanism  of  which  they  must  necessarily  disagree.  (6)  Experiments 
dealing  with  destruction  of  alkaloids,  etc.,  by  the  tissues  are  not  only 
negatively  useless  but  may  be  positively  misleading  unless  a  very  exact 
method  of  quantitative  estimation  is  employed. 

Aajiuired  tolerance  to  cocaine.  That  habit  and  tolerance  to  cocaine 
can  be  developed  in  man  is  only  too  well  known.  Tolerance  can  be 
acquired  very  rapidly  (76) ;  for  example,  the  daily  dose  may  be  increased 
from  0.1  gram  to  3  grams  in  two  months.  Grode  (81)  summarized 
the  Uterature  previous  to  1912  dealing  with  cocaine  tolerance.  From 
various  published  accounts  he  estimated  the  M.  L.  D.  for  man  by 
hypodermic  injection  to  be  from  0.22  to  1  gram;  whereas  the  daily  dose 
taken  subcutaneously  by  an  habitu^  might  be  as  great  as  8  grams.  There 
seems  no  reason  to  doubt,  as  some  have  done,  that  man  can  acquire 
by  habituation  a  high  degree  of  tolerance  to  cocaine.  Little  or  nothing 
is  yet  known  of  the  cause  of  this  tolerance  partly  because  of  experi- 
mental difficulties  arising  from  the  fact  that  nothing  like  the  same  degree 
of  tolerance,  if  any,  has  so  far  been  produced  in  laboratorj'^  animals. 

Out  of  a  large  number  of  experiments  on  mice,  Ehrlich  (77)  obtained 
only  a  slight  and  doubtful  tolerance  in  a  few  animals.     Wiechowski 

(78)  could  not  produce  tolerance  in  dogs  (17  injections)  nor  Von  Anrep 

(79)  in  rabbits.  Ritter  (80)  after  repeated  intravenous  injections 
in  dogs  claimed  to  observe  a  diminished  intensity  of  action,  but  he  docs 
no  more  than  mention  the  fact.  (Irode  (81)  could  not  obtain  any 
evidence  of  acquired  tolerance  to  cocaine  in  guinea  pigs,  fats  or  dogs, 
but  rather  an  increasing  susceptibility.  Mills  (82)  obtained  no  cumu- 
lative effects  in  rabbits  from  roi)<'ate(l  injections  provided  that  the 
intervals  between  the  injections  were  more  than  75  minutes,  this  being 
taken  to  indicate  rapid  destruction  or  elimination  of  cocaine.  Hifat- 
wachdani  (S.'i)  found  that  the  excretion  of  cocaine  in  the  urine  increased 
by  "prolonged"  injections  but  he  gave  cocaine  only  for  9  days  and  his 
experiments  merely  show  that  the  (lUimtily  of  cocaine  he  gave  was  not 
excreted  within  'M  iiours  and  therefore  with  daily  injections  the  amount 
increancd  daily.  He  found  that  when  cocaine  was  left  for  several  hours 
in  a  ligatured  limb  of  a  living  animal,  most  of  it  could  be  recovered, 
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from  which  he  deduced  that  cocaine  is  not  to  any  great  extent  destroyed 
by  living  tissues,  but  his  methods  were  not  sufficiently  quantitative  to 
decide  this.  Wiechovvski  (78)  also  found  that,  of  cocaine  shaken  with 
liver  or  muscle  juice  for  5  hours  in  vitro,  80  per  cent  was  recoverable. 
Eggleston  and  Hatcher  (84)  on  the  other  hand  perfused  a  cat's  liver 
with  defibrinated  blood  containing  cocaine  for  one  hour  at  ST^C.  and 
calculated,  from  a  biological  test,  that  not  less  than  half  had  been 
destroyed. 

No  conclusions  can  be  drawn  as  to  the  nature  of  acquired  tolerance 
to  cocaine  from  these  meager  results.  If  it  be  true  that  tolerance  to 
this  alkaloid  can  be  obtained  only  in  man,  then  naturally  the  solution 
of  the  problem  can  be  looked  for  only  from  experiments  on  man  himself. 

Acquired  tolerance  to  caffeine.  As  a  result  of  the  colossal  experiment 
that  has  been  made,  it  would  be  perhaps  the  general  judgment  that, 
in  spite  of  years  of  indulgence  in  caffeine-containing  beverages,  man 
acquires  only  a  slight  degree  of  tolerance  to  their  effects.  No  such 
increase  of  dose  is  needed  of  caffeine  as  of  cocaine,  though  these  alka- 
loids resemble  one  another  to  some  extent  in  their  actions  on  the  central 
nervous  system.  Experiments  on  laboratory  animals  point  to  a  similar 
conclusion.  Bock  and  Larsen  (85)  found  that,  so  far  as  the  effects 
of  toxic  doses  were  concerned,  only  a  very  limited  tolerance  to  caffeine 
could  be  produced  in  rabbits  by  repeated  injections.  This  slight 
tolerance  was  due  not  to  increased  excretion  of  caffeine  but  probably 
to  increased  destruction  of  it  and  to  lessened  susceptibility  of  the 
tissues  to  its  action. 

Myers  (86)  gave  rabbits  daily  hypodermic  injections  of  100  mgm.  of 
uncombined  caffeine  for  a  period  of  several  months  and  found  that,  to 
produce  minimal  diuresis,  twice  as  much  caffeine  was  needed  in  these 
habituated  animals  as  in  normal  animals.  A  definite  tolerance  had 
therefore  been  gained  to  the  diuretic  action  of  caffeine.  As  this  was 
determined  by  intravenous  injection,  it  pointed  to  the  tolerance  being 
due  to  an  acquired  insusceptibility  of  the  kidney  cells,  though  an  in- 
creased destruction  could  not  positively  be  excluded. 

Acquired  tolerance  lo  nicotine.  It  is  bej'ond  question  that  the 
majority  of  men  can  acquire  a  certain  degree  of  tolerance  to  tobacco 
smoking,  and  experiments  to  find  out  whether  a  similar  tolerance  can 
be  induced  in  laboratory  animals  to  nicotine,  and  to  determine  the 
cause  of  this  tolerance  when  induced,  have  frequently  been  made. 
As  a  summary  of  most  of  the  existing  work  on  nicotine  tolerance  has 
already  been  given  (91),  and  as  the  results  obtained  by  different  in- 
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vestigators  are  in  most  points  in  agreement,  it  will  be  possible  to  indicate 
at  no  great  length  the  present  state  of  knowledge  of  the  subject. 

Esser  (87),  employing  large  doses,  found  that  in  dogs  and  rabbits  a 
well-defined  tolerance  to  nicotine  could  be  obtained  whether  the  alka- 
loid were  given  subcutaneously  or  by  mouth.  Hatcher  (88)  found  in 
rabbits  that  tolerance  was  more  readily  induced  by  large  doses  at 
intervals  of  3  days  than  by  more  frequent  repetition  of  smaller  doses. 
In  an}'  case  the  tolerance  was  limited  though,  once  gained,  it  was 
retained  for  some  time.  Adler  and  Hensel  (89)  did  not  obtain  evidence 
of  acquired  tolerance  in  rabbits  by  intravenous  injection. 

Edmunds  (90),  giving  nicotine  chloride  by  stomach-tube  to  cats, 
found  that  they  became  more  susceptible  (daily  doses  for  a  month). 
He  found  however  that  dogs  which  received  subcutaneously  injections 
about  every  second  day,  though  they  showed  a  similar  increased  sus- 
ceptibility for  the  first  six  weeks,  later  began  to  gain  a  slight  tolerance 
so  that  at  the  end  of  another  three  weeks  they  were  able  to  take  twice 
the  original  emetic  dose  without  vomiting.  With  massive  doses,  after 
Esser's  method,  tolerance  was  apparently  quite  easily  gained.  Dixon 
and  Lee  (91)  found  that  the  liver,  and  to  a  less  extent  the  brain  and 
muscle  of  a  tolerant  rabbit  destroyed  more  nicotine  than  the  correspond- 
ing tissues  of  a  normal  rabbit.  The  substance  responsible  for 
the  destruction  of  nicotine  was  not  dependent  upon  the  presence  of 
living  intact  cells,  but  in  regard  to  resistance  to  heat  drying,  etc., 
behaved  like  a  ferment.  "These  experiments  show  that  a  certain 
small  degree  of  tolerance  can  l)e  obtained  to  nicotine,  and  that  this  is 
brought  by  the  destruction  of  the  alkaloid.  The  destruction  goes  on 
very  slowly,  and  it  can  never  be  accelerated  to  such  a  degree  that  an 
injection  of  a  poisonous  dose  of  nicotine  into  the  circulation  of  an  animal 
will  lose  any  large  amount  of  its  effect.  If  the  nicotine  roaches  the 
circulation  slowly  and  in  minute  quantities  it  may  be  dealt  with  by  the 
tissues,  and  this  is  the  condition  which  we  may  assume  obtains  during 
tobacco  smoking." 

Edmunds  and  Smith  (92),  in  replying  to  certain  criticisms  which 
Dixon  and  Iaw  had  pronounced  upon  Edmiuids'  pn^vious  experiments, 
Hhowc<|  tiuit  the  Hvers  of  all  dogs  possess  souk?  power  of  dc'stroying 
nicotine  but  that  there  were  just  as  groat  difforenc^os  in  difToront  normal 
animals  as  thorns  authors  had  found  botwoeii  normal  and  tolerant 
animals.  They  therefore  did  not  consider  i(  proved  thai  toleninc(>  was 
aecompanioci  by  any  inoroasod  power  of  the  liver  to  destroy  nicotine. 
(.'lark  (93)  found  that  the  frog's  liver  did  not  destroy  nicotine. 
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So  far,  then,  as  nicotine  is  concerned,  experiments  are  concordant 
in  that  they  show  that  tolerance  to  this  alkaloid  can  be  induced  in 
animals  by  repeated  administration — less  readily  by  small  than  by 
large  doses.  The  degree  of  tolerance  attainable  either  in  lower  animals 
or  in  man  does  not  seem  to  be  nearly  so  high  as  that  induced  to  morphine. 
The  determination  of  the  cause  of  the  tolerance  is  therefore  more 
difficult  in  proportion  to  the  slightness  of  the  tolerance.  As  to  whether 
the  tissues  of  a  tolerant  animal  destroy  more  nicotine  than  the  corre- 
sponding tissues  of  an  unimmunized  animal,  the  same  divergency  of 
results  has  been  obtained  as  with  other  alkaloids.  That,  in  the  case 
of  nicotine,  tolerance  is  accompanied  by  increased  destruction  can 
hardly  be  taken  yet  to  be  established.  No  one  has  made  any  attempt 
to  discover  what  becomes  of  the  nicotine  when  destroyed,  e.g.,  by  the 
liver,  though  if,  by  the  employment  of  larger  amounts  of  material,  the 
stages  of  disintegration  could  be  revealed  the  results  would  be 
interesting. 

No  work  has  been  done  on  congenital  tolerance  to  nicotine.  The 
M.  L.  D.  per  kilo  for  the  rabbit  is  stated  to  be  10  times  that  for  the 
dog.  If  congenital  tolerance  is  also  due  to  superior  power  in  the  more 
tolerant  animal  to  destroy  nicotine  the  possibility  is  promising  that  the 
tissues  of  the  rabbit  would  show  a  superiority  of  destructive  power  over 
those  of  the  dog — a  difference  beyond  experimental  errors  in  proportion 
as  the  difference  in  tolerance  is  wide.  Hatcher  made  the  interesting 
observation  that  young  guinea  pigs  are  more  susceptible  to  nicotine 
than  adults,  the  M.  L.  D.  for  the  former  being  0.15  mgm.  per  kilo  as 
compared  with  0.4  for  adults.  The  explanation  of  this  age  difference 
is  not  yet  forthcoming. 

Acquired  tolerance  to  arsenic.  It  is  not  necessary  here  to  revive  the 
old  dispute  about  the  authenticity  of  arsenic-eating,  for  it  is  now 
accepted  that  man  can,  by  habituation,  come  to  tolerate  with  impunity 
doses  of  arsenic  which  would  produce  serious  effects  in  people  not 
accustomed  to  it.  Nor  need  the  older  literature  on  the  subject  be 
traversed,  as  summaries  of  it  are  already  accessible,  e.g.,  by  Maclagan 
(94)  and  Hausmann  (95).  The  interest  which  attaches  to  arsenic 
tolerance  is  due  largely  to  the  fact  that,  while  acquired  tolerance  to 
organic  substances  is  not  uncommon,  arsenic  is  almost  singular  among 
mineral  substances  in  this  respect.  Possibly  too,  the  subject  has 
acquired  added  interest  of  recent  years  from  the  discovery  that  many 
protozoa  can  acquire  a  high  tolerance  to  arsenic,  though  there  may  be 
little  in  common  between  this  tolerance  and  that  which  is  acquired  by 
mammalia  to  arsenic. 
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Apart  from  other  difficulties,  such  as  that  of  accurate  quantitative 
estimation  of  arsenic,  there  are  two  compHcations  which  have  impeded 
the  study  of  arsenic  tolerance.  One  is  that  there  are  wide  individual 
differences  in  resistance  to  arsenic.  This  has  not  only  been  alleged  on 
good  grounds  for  man  but  has  clearly  been  shown  in  laboratory  animals. 
The  other — a  very  familiar  difficulty — is  that  the  statements  in  regard 
to  the  toxicity  of  arsenic  are  so  conflicting.  Hausmann  in  his  review 
(95)  estimates  that  the  M.  L.  D.  for  man  is  somewhere  about  0.1  to 
0.2  gram,  and  this  estimate  is  commonly  accepted  in  textbooks.  On 
the  other  hand  Bradshaw  (96),  following  an  older  practice,  used  to  give 
in  malaria  as  much  as  120  minims  of  Fowler's  solution  (=  0.072  gram 
arsenious  acid)  in  single  doses  for  three  days  in  succession  and  "never 
met  with  an  instance  of  consequent  stomach  or  any  other  inconven- 
ience." This  was  15  times  the  maximum  usual  therapeutic  dose  and 
was  in  fact  not  far  short  of  a  lethal  dose  according  to  the  usual  estimate, 
and  the  arsenic  in  Prowler's  solution  is  in  a  soluble  form. 

Cloetta  (97)  gave  increasing  doses  of  arsenic  to  rabbits  and  dogs 
and  succeeded  in  producing  definite  tolerance,  especially  to  dry  ar- 
senioiLs  acid.  One  dog  treated  for  over  a  year  finally  received  a  dose 
of  over  0.4  gram  per  kilo.  He  found  a,  that  the  amount  of  arsenic  in 
the  urine  did  not  rise  in  proportion  to  the  increase  of  dose  but  remained 
constant,  the  percentage  falling  enormously;  and  b,  that  a  dog  tolerant 
of  2.5  grams  by  mouth  was  killed  by  a  single  hypodermic  dose  of  40 
mgm.  He  concluded  from  these  facts  that  tolerance  to  arsenic  was 
not  accompanied  by  any  general  tolerance  but  was  due  to  a  diminished 
permeability  of  the  mucous  membrane  of  the  alimentary  canal  to  arsenic. 
There  were  two  defects  in  his  experiments — first,  that  only  a  few  irregu- 
lar estimations  of  arsenic  in  the  urine  were  made  and  it  is  known  that 
the  amount  may  vary  considerably  from  day  to  day;  and  second,  that 
the  oft-quoted  experiment  on  the  difference  in  tolerance  to  stomach 
and  subciitaneouH  dose  was  hardly  decisive,  for  the  dog  received  2.5 
gram.M  by  mouth  one  day  ant!  -10  mgm.  hypodermically  the  following 
morning,  whereas  there  ought  to  have  been  an  interval  of  a  day  or 
more  iM'tween  the  two  doaos.  However  the  contention  tliat  then*  is 
dcvelopinl  a  local  tolerance  of  the  mucous  membrane  of  tlie  alimentary 
canal  to  dry  arHonic  Iihh  been  confirmed  in  several  ways  and  may  be 
taken  to  Ik*  oHtabliHhed. 

Haw«mann  (98),  by  administering  for  over  a  year  repealed  doses 
of  dry  aracnioufl  acid  by  mouth,  immunized  a  dog  to  tolerate  0.06 
gram  per  kilo.     He  founcl  that  while  the  percentage  excretion  in  I  lie 
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feces  diminished  from  77  to  30,  the  percentage  excretion  in  the  urine 
remained  stationary  at  about  5.  He  concluded  that  in  the  course  of 
the  development  of  tolerance  the  method  of  excretion  was  altered  and 
that  arsenic  was  excreted  in  a  combined  form  not  recognizable  by 
ordinary  methods. 

The  question  has  recently  been  reinvestigated  by  Joachimoglu  (99). 
He  immunized  two  dogs  (which  showed  marked  differences  in  resistance) 
one  to  0.056  gram  per  kilo  in  6  months,  and  the  other  to  0.025  gram 
per  kilo  in  13  months.  Arsenious  acid  was  given  dry  bj^  mouth.  He 
differed  a,  from  Cloetta  in  finding  that  the  absolute  amount  of  arsenic 
in  the  urine  increased  fourfold  though  the  percentage  diminished  from 
15  to  6;  and  h,  from  Hausmann  in  finding  that  not  only  the  absolute 
but  the  percentage  amount  increased  in  the  feces.  His  experiments 
therefore  showed  that  with  increasing  doses  the  absolute  amount  of 
arsenic  absorbed  and  in  the  circulation  increased,  and  therefore  toler- 
ance could  not  be  due  entirely  to  diminished  absorption.  He  substan- 
tiated the  fact  that  a  local  tolerance  was  developed  by  microscopic 
examination  of  the  intestine,  the  raucous  membrane  of  which  in  the 
tolerant  dog  showed  none  of  the  changes  which  would  have  occurred 
after  much  smaller  doses  in  that  of  an  unimmunized  dog.  Also  a 
normal  dog  killed  by  a  large  dose  of  arsenic  was  found  to  absorb  31 
per  cent  of  the  dose  given,  8  times  as  much  as  he  calculated  a  tolerant 
dog  would  have  absorbed  of  the  same  dose,  proving  that  absorption  is 
diminished  in  the  tolerant  animal. 

The  position  now  seems  to  be  therefore  that  tolerance  to  arsenic 
can  be  induced  in  man  or  animals  when  arsenic  is  given  by  mouth 
undissolved,  it  can  be  induced  Tnuch  less  readily  if  arsenic  is  given  by 
mouth  in  solution,  and  has  not  so  far  been  produced  by  subcutaneous 
injection.  This  tolerance  is  partly  due  to  an  acquired  insuscepti- 
bility of  the  mucous  membrane  of  the  alimentary  canal,  as  the  result 
of  which  larger  doses  are  required  to  produce  vomiting  and  diarrhea. 
About  this  there  seems  to  be  no  doubt.  Tolerance  is  also  due  in  part 
to  a  diminished  absorption  of  arsenic;  the  mucous  membrane  ceases 
to  absorb  arsenic  in  proportion  to  the  increased  amount  in  the  lumen, 
and  this  effect  is  probably  related  to  the  acquired  insusceptibility  of 
the  mucous  membrane  to  arsenic.  Owing  to  this  protective  niechanism 
there  is  not  a  rise  in  the  concentration  of  arsenic  in  the  blood  propor- 
tionate to  the  increase  in  dose.  It  seems  almost  conclusively  proved 
that*  this  diminished  absorption  goes  on  pari  passu  with  increasing 
tolerance,  when  arsenic  is  given  dry  by  mouth. 
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Two  points  of  doubt  remain.  In  the  first  place  it  is  not  certain 
whether  any  cellular  tolerance  is  gained  by  tissues  other  than  the 
alimentary  mucous  membrane.  According  to  Joachimoglu,  when 
large  doses  are  given  to  a  tolerant  animal  the  actual  concentration  in 
the  blood  may  be  high,  though  not  of  course  in  proportion  to  the  dose. 
As  to  whether  in  these  circumstances  a  concentration  in  the  blood  is 
reached  which,  though  innocuous  to  the  tolerant  animal,  Avould  be 
injurious  to  an  unimmunized  animal  is  not  yet  decided.  The  second 
difficulty  is  that  no  satisfactory  reason  has  yet  been  given  of 
why  repeated  increasing  doses  should  in  some  cases  produce  tolerance, 
while  in  other  cases,  doses,  smaller  and  given  for  a  shorter  time,  will 
produce  chronic  (?  cumulative)  poisoning.  In  the  absence  of  adequate 
data,  speculation  on  this  point  would  be  idle. 

Destruction  of  drugs  by  the  body  tissues.  One  very  important 
problem  which  has  repeatedly  arisen  in  the  foregoing  discussions  relates 
t:0  the  methods  bj'  which  drugs  are  destroj'ed  in  the  body, — whether, 
for  example,  congenital  tolerance  is  due  to  superior  destruction  of  the 
drug  by  the  more  tolerant  animal,  and  whether  destruction  can  be 
increased  by  habituation.  The  experimental  investigation  of  these 
problems  is  difficult  because  it  is  not  an  easy  task  to  follow  the  fate 
of  a  drug  quantitatively  from  the  time  of  its  injection  to  the  time  of  its 
complete  disappearance  from  the  body,  and  this  difficulty  is  reflected 
in  the  conflicting  results  which  have  been  obtained.  It  is  believed 
that  alcohol,  atropine,  morphine,  strychnine  (100) — to  mention  only 
H  few  drugs — are  partly  destroyed  in  the  body,  that  this  destruction 
is  due  to  ferment  action,  and  that  the  liver  is  the  organ  usually  chiefly 
responsible  for  the  destruction.  There  is  no  difficulty  in  imagining 
that  alcohol  may  be  destroyed  in  the  body,  for  according  to  some  it  is 
normally  present  in  the  blood  in  small  quantities,  and  in  any  case  is 
rlo.Hely  related  to  substances  wliich  the  body  normally  destroys.  On 
the  other  hand  it  can  hardly  be  supposed  that  there  are  specific  ferments 
in  the  body  which  are  lying  in  wait  in  the  hope  that  some  day  a  suitable 
nlkaloid  will  be  presented  to  them  for  attack.  It  is  highly  probal)le 
f  heref(»re  tliul  if  alkaloids  are  destroyed  by  ferments,  the  usual  business 
of  thow!  f»?nnents  is  to  destroy  substances  normally  occurring  in  the 
lioiiy,  e.g.,  decomposition  products  of  proteins,  amines,  etc.  It  may 
woll  Ix)  that  difTer(«nt  animals,  according  to  ditTerences  in  their  diets, 
•  tf  .  may  have  different  powers  of  destroying  alkaloids,  and  thai  con- 
:  ..itui  tolerance  may  be  due  sometimes  to  thes«>  ditTerences. 
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When  it  comes  however  to  the  questions  a,  whether  an  animal  can 
acquire  by  habituation  a  destructive  action  which  it  originally  did  not 
possess;  or  h,  whether  it  can  by  habituation  increase  such  a  power  if 
preexistent,  the  difficulties  are  greater.  In  regard  to  the  first  question, 
the  destruction  of  the  benzene  ring  compounds  may  afford  a  parallel. 
The  body  can  destroy  the  benzene  ring  of  those  aromatic  aminoacids 
which  enter  into  the  composition  of  proteins,  whereas  the  benzene 
ring  of  foreign  aromatic  compounds  is  usually  left  intact.  The  condition 
of  alkaptonuria  especially  shows  that  when  there  is  a  congenital  absence 
of  the  enzyme  which  destroys  homogentisic  acid,  this  ferment  action 
is  never  gained  throughout  life,  though  the  substance  to  be  destroyed 
is  being  constantly  formed  from  the  food.  This  seems  to  be  one  certain 
example  of  the  complete  inability  of  the  body  to  form  a  new  enzyme  in 
response  to  habituation  (101). 

In  regard  to  the  second  question,  it  is  quite  possible  that  ferment 
activity  can  be  artificially  increased,  because  animals  fed  for  a  long 
period  on  one  particular  kind  of  food  may  develop  an  abnormal  ferment 
activity  for  this  particular  food.  The  difficulty  in  regard  to,  e.g., 
alkaloids  would  seem  to  be  this.  The  ferment  that  destroys  them  is 
one  that  presumably  normally  destroys  some  other  substance  and  it  is 
difficult  to  imagine  how  this  ferment  can  be  increased  by  the  minute 
quantities  of  alkaloid  (e.g.,  of  nicotine)  which  enter  the  circulation. 
In  other  words,  one  would  imagine  that  there  would  be  even  larger 
fluctuations  from  day  to  day  in  the  amount  of  substance  that  the  fer- 
ment normally  destroys  than  would  be  afforded  by  the  addition  of  the 
alkaloid. 

At  all  events  these  considerations  would  seem  to  urge  a  caution 
against  accepting  results  which  have  claimed  to  show  an  augmentation 
of  destruction  of  alkaloids  given  in  small  amounts  and  for  short  periods 
and  especially  those  results  which  claim  that  a  new  power  of  destruction 
can  be  originated  by  habituation. 
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DESTRUCTION  OF  THE  RED  BLOOD  CORPUSCLES  IN 
HEALTH  AND  DISEASE 

PEYTON  ROUS 

Laboratories  of  the  Rockefeller  Institute  for  Medical  Research,  New  York 

The  subject  of  blood  destruction  has  almost  as  many  ramifications  as 
the  blood  stream  itself;  and  in  entering  upon  it  one  must  choose  a  path 
or  perhaps  be  lost  amid  data.  In  the  present  instance  an  effort  will  be 
made  to  follow  out  the  physiological  processes  involved  in  the  fate  of 
the  cells,  with  incidental  digressions  only  for  the  multifarious  agents 
causing  cell  injury,  and  the  innumerable  consequences  thereof. 

The  evidence  for  a  normal  destruction  of  blood.  So  subtly  is 
normal  blood  destruction  conducted  and  the  remains  of  the  cells  disposed 
of  that  were  it  not  for  indirect  evidence  one  might  suppose  the  life  of 
most  red  corpuscles  to  endure  with  that  of  the  body.  But  this  evidence 
is  convincing.  The  continuous  activity  of  a  broadly  distributed  hema- 
topoietic tissue;  the  daily  excretion  through  the  bile  of  a  pigment  nearly 
if  not  precisely  identical  with  one  of  the  pigmented  derivatives  of 
hemoglobin  (220),  (221);  the  appearance  of  this  derivative  in  old  hema- 
tomas (224)  and  in  the  plasma  after  hemoglobin  injection  and  liver 
exclusion  (236);  the  apparently  significant  association  of  hemoglobin 
and  bilirubin  throughout  the  animal  kingdom  (143);  the  existence  here 
and  there  in  the  healthy  organism  of  cells  containing  erythrocytes  in 
various  stages  of  disintegration;  and,  not  least,  the  delicate  structure  of 
the  red  cell  itself,  its  lack  of  a  nucleus,  the  incessant  squeezing  and 
buffeting  to  which  it  is  subjected, — these  and  other  facts  clearly  prove 
that  blood  destruction  must  be  one  of  the  routine  tasks  of  the  body. 
Yet  this  statement  of  the  case  would  be  one-sided  without  a  mention  of 
the  corpuscle's  notable  aptitude  for  the  existence  that  it  has  to  lead. 
Chemical  wear  and  tear  are  practically  negligible  in  it,  as  shown  by  the 
fact  that  it  uses  up  almost  no  oxygen  (133),  (134),  (82);  it  is  almost 
devoid  of  autolytic  ferments  (159),  (188),  (189),  (162);  the  corpuscular 
tissue  is  so  constituted  as  to  withstand  sudden  and  considerable  changes 
in  the  tonicity  of  the  surrounding  medium,  such  as  the  cell  may  not  in- 
frequently have  to  encounter;  and  while  yielding  is  yet  so  resilient  that 
the  disc  shape  is  retained  although  the  cell  is  forced  over  and  over 
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again  through  channels  having  but  a  fraction  of  its  diameter.  The  fluid, 
too,  in  which  the  corpuscles  are  carried  not  only  acts  to  protect  them 
against  mechanical  insult  (175),  but  has  other  and  diverse  "buffer" 
potentiaUties  (235). 

The  rate  of  normal  blood  destruction.  Were  the  rate  of  blood 
destruction  known,  one  might  be  better  able  to  judge  the  adequacy  of 
the  physiological  mechanisms  which  have  been  invoked  to  accomplish  it. 
But  until  recently  practicable  methods  have  been  lacking  even  for  the 
measurement  of  the  amount  of  blood  possessed  by  the  body  at  any  one 
time.  The  development  of  means  to  determine  plasma  volume  (99), 
(129)  and  total  hemoglobin  (77),  (79)  has  filled  this  gap.  Yet  so  aided 
one  ascertains  with  much  exacting  labor  merely  the  content  of  the  blood 
cistern  at  a  special  moment.  The  rates  of  inflow  and  outgo,  of  depletion 
and  renewal,  of  this  content  are  not  touched  upon.  In  the  healthy 
individual  these  rates  must  keep  pace  with  each  other  else  the  amount  of 
blood  would  fluctuate  more  than  is  the  case.  It  follows  that  measuring 
either  will  give  both.  All  quantitative  efforts  have  centered  upon  tlie 
rate  of  outgo,  that  is  to  say,  upon  the  rate  of  blood  destruction. 

The  demonstration  that  hemoglobin  injections  lead  to  an  increased 
bilirubin  output  was  a  first  step  in  the  matter  (211).  Stadelmann, 
(206),  bringing  corroboration,  observed  that  less  bilirubin  appeared  in 
the  bile  than  was  supposedly  derivable  from  the  injected  pigment  and 
he  believed  that  a  part  of  the  latter  was  utilized  in  the  formation  of 
new  red  cells.  His  experiments  were  only  roughly  quantitative.  That 
their  significance  has  been  overlooked  is  attested  by  the  many  calcula- 
tion.s  on  the  normal  rate  of  blood  destruction  since  made  which  involve 
the  assumption  that  the  bilirubin  output  furnishes  a  precise  index  to  the 
nnumnt  of  hemoglobin  yielded  by  the  destroyed  cells.  According  to 
one  set  of  figures  (76),  slightly  more  than  2  per  cent  of  the  body  content 
of  corpuscles  undergo  destruction  in  every  24  hours;  while  another 
(245)  has  it  that  five  times  as  nmch,  or  about  ono-tonth  tlie  total  (luan- 
tity,  is  demolished  in  this  time.  Recently  Brugsch  and  his  collaborators, 
(37),  (38),  (39),  who  ahnost  alone  have  resorted  to  experiment  in  the 
matter,  have  followed  the  bilirubin  out{)ut  in  two  dogs  with  bile  fistulas, 
kept  8U8|)cndcd  in  slings,  that  is  to  say  undtu-  higlily  abnormal  condi- 
tiotut,  and  inject^Hl  with  hemoglobin  and  heinatin.  They  state  that, 
given  a  certain  forinula  for  hcmatin,  .tlu^  amount  of  the*  substance 
Hupposcdly  yielded  by  hemoglobin  is  (excreted  almost  {/(id)  (juantita- 
tively  as  bilirubin;  and,  with  a  due  recognition  of  the  likelihood  of  error 
they  go  on  to  figure  from  the  bilirubin  output  the  rate  of  blood  destruc- 
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tion.  Eppinger  and  Charnass  (62)  point  out  that  the  normal  bilirubin 
yield  of  fistula  dogs  is  less  than  half  that  assumed  by  Brugsch.  On  the 
amended  basis  they  compute  that  only  one  thirty-fourth  of  the  blood  is 
daily  destroyed.  But  later  authors  have  in  general  ignored  the  correc- 
tion. And  at  present  the  belief, — traceable  to  the  figures  of  Brugsch 
and  Retzlaff, — is  widespread  that  one-fifteenth  of  the  total  blood  under- 
goes destruction  each  day  (1),  whatever  the  animal  species. 

Experiments  lately  recorded  have  been  taken  to  indicate  that  the 
quantity  of  bile  pigment  manufactured  can  be  greatly  increased  by 
carbohydrate  administration  (237),  (239),  (240).  The  protocols  leave 
no  doubt  that  the  output  of  bilirubin  was  thus  rendered  more  con- 
siderable during  the  period  of  bile  collection.  But  the  said  period 
amounted  to  only  6  or,  at  most,  8  hours  out  of  each  24,  so  the  results  may 
have  been  due  to  a  temporary  change  in  the  rate  of  evacuation  of  bile 
pigment  from  the  body  rather  than  to  one  in  the  total  yield.  A  like 
difficulty  of  interpretation  affects  observations  by  the  same  methods  on 
the  bilirubin  output  following  hemoglobin  injections  (238). 

Ashby  (6),  (7),  (8),  (9)  has  procured  evidence  on  the  rate  of  normal 
blood  destruction  by  following  the  survival  of  transfused  cells.  The 
blood  of  individual  bulls  can  be  identified  with  the  aid  of  specifically 
exhausted  isohemolytic  sera,  and  by  such  means  a  previous  worker  had 
determined  the  period  of  survival  of  cells  transfused  from  one  animal 
(215),  (216),  to  another.  The  introduced  cells  were  treated  from  the 
outset  as  foreign  bodies,  and  all  were  removed  from  the  circulation 
within  the  extremely  short  period  of  4  to  7  days.  But  in  human  beings 
transfused  with  blood  of  a  differing  but  compatible  "group, "  the  strange 
cells  would  appear  to  survive  for  a  surprisingly  long  time.  For  example, 
in  10  cases  requiring  transfusion  because  of  secondary  anemia,  40  to 
50  per  cent  of  them  were  still  to  be  found  after  28  to  52  days.  In  a 
healthy  man  some  persisted  for  100  days.  There  is  a  periodicity  in  their 
elimination.  In  women  they  are  removed  during  the  menses  more 
especially. 

How  is  one  to  reconcile  such  longevity  of  the  cells  with  the  data 
yielded  by  the  bilirubin  output?  It  has  been  suggested  by  some 
observers  (231),  who  confirm  Ashby 's  transfusion  findings,  that  the  alien 
cells  may  so  far  differ  from  those  proper  to  the  host  as  to  be  less  suscep- 
tible to  the  ordinary  processes  of  destruction.  And  it  is  not  inconceiv- 
able that  the  stroma  constituent  of  the  strange  corpuscles  whereby  they 
become  recognizable  does  not  disappear  with  the  cells  but,  incorporated 
in  new  ones  put  out  by  the  host,  continues  for  some  while  longer  to 
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survive.     The  crjing  need,  though,  is  not  for  a  reconciliation  of  figures 
but  for  more  facts. 

Great  differences  exist  in  the  quantity  of  blood  possessed  by  the 
various  mammals  used  in  the  laborator}-,  without  compensating  differ- 
ences in  the  imit  concentration  of  hemoglobin  (24),  (28),  (99),  (201). 
And  there  are  other  peculiarities,  both  individual  (172)  and  specific, 
which  find  expression  in  a  widely  various  resistance  of  the  red  corpuscles 
(130),  (235),  and  differing  periods  of  survival  in  vitro  (175),  (176). 
That  the  rate  of  blood  destruction  will  vary  with  the  species  seems 
certain,  though  as  yet  there  are  no  data  upon  the  point.  The  fact  has 
recently  been  brought  out  that  the  rate  in  the  individual  may  be  pro- 
foundly affected  by  conditions  that  lie  within  normal  experience  (30), 
(31).  Broun  finds  that  exercise  of  dogs  previously  kept  to  a  sedentary 
life  brings  about  a  pronounced  breaking-down  of  red  cells  wliich  becomes 
evident  because  the  hematopoietic  tissue,  being  taken  by  surprise,  so 
to  speak,  is  not  at  once  in  a  position  to  replace  the  loss.  He  terms  the 
state  of  affairs  marrow  decompensation.  This  decompensation  fails  to 
occur  when  the  animals  are  in  training,  because  the  blood-forming  tissue 
is  then  functionally  active  as  shown  by  the  percentage  of  circulating 
reticulated  cells;  while  in  addition  there  is  actually  more  of  it  present 
By  contrast,  when  the  body  for  the  time  being  possesses  too  much  blood, 
as  happens  in  individuals  made  plethoric  by  transfusion,  the  marrow 
stops  work  (168).  But  to  review  the  literature  of  blood  need  as  a 
hematopoietic  stimulus  is  imnecessaiy.  The  facts  to  be  derived  there- 
from interlock  with  those  just  mentioned  in  that  they  show  the  existence 
under  ordinary  circumstances  of  a  delicately  balanced  coordination 
between  the  rates  of  cell  formation  and  destruction — a  coordination 
which  must  often  act  to  conceal  great  variations  in  the  period  of  cell 
survival. 

The  signs  op  age  in  red  cells.  Every  normal  blood  specimen  is 
made  up  of  a  mixed  population  of  corpuscles  of  various  ages.  In 
k<'<'|)ing  with  this  state  of  alTairs  is  the  wide  range  of  resistance  mani- 
fested by  the  cells  on  test  in  vitro,  whatever  the  test  agent  be.  Were  the 
same  cells  HiiHceptiblo  or  resistant  to  all  such  agents  ouv.  might  bo  justified 
in  concluding  that  here  arc  the  old  mikI  liere  the  3'oung  among  tluMn. 
Hut  this  is  not  the  case. 

From  BotazKi  (23)  to  Jluszuyak  (l.S2j  there  have  been  investigators 
who  have  believed  that  the  rcmstance  of  the  cells  to  hypotonic  salt 
Holution  yields  some  indication  of  their  age.  But  Smith  and  Brown 
(2()2),  (203)  in  extensive  studies,  found  nothing  to  uphold  such  a  view. 
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Differences  in  the  staining  of  the  individual  corpuscles  of  amphibians 
with  methylene  blue  have  recently  been  described,  and  these  differences 
referred  to  the  age  of  the  cells  (204).  But  a  like  assumption  could  be 
made  as  concerns  differenced  displayed  in  tests  with  any  other  agent. 

Ehrlich  (GO)  thought  polychromasia  a  sign  of  old  age  in  red  cells,  but  it 
is  now  generally  recognized  to  be  associated  with  immaturity  and  with 
marrow  stress.  Polychromatophylic  cells  circulate  normally  in  a 
considerable  number  of  species  (103).  Whether  they  mature  in  the 
blood  stream  remains  to  be  determined.  There  is  a  widespread,  if 
vague,  belief  that  they  do,  and  that  this  happens  also  to  reticulated 
corpuscles.  But  the  presence  of  reticulocytes  within  the  large  eryth- 
rophages  of  the  spleen  of  the  normal  guinea  pig  can  be  demonstrated 
with  cresyl  blue,  so  it  is  certain  that  some  at  least  are  destroyed  as  such 
(149).  Further  evidence  of  this  is  to  be  found  in  the  observation  that 
under  pathological  conditions  which  involve  the  production  of  reticu- 
locytes in  quantity,  many  undergo  destruction  by  fragmentation  soon 
after  their  entrance  into  circulation  (170). 

Normal  methods  of  blood  destructiox.  Both  facts  and  surmises 
upon  the  ordinary  fate  of  the  red  cell  gain  a  special  emphasis  from 
pathological  instances,  for  much  of  the  blood  destruction  of  disease 
states  is  consunmiated  by  processes  that  themselves  are  normal. 

Phagocytosis.  The  presence  in  the  spleen  of  healthy  mammals  of  large 
cells  containing  red  corpuscles  and  the  products  of  their  disintegration 
has  been  recognized  for  quite  half  a  century.  Shortly  after  the  descrip- 
tion by  Kupffer  of  the  "  Sternzellen  "  of  the  liver  (225),  it  was  noted  that 
in  pernicious  anemia  these  endothelial  elements  act  as  hematophages 
(3).  They  so  act  in  other  diseases  entaihng  increased  blood  destruction 
(198),  (115),  malaria,  for  example;  while  similar  endothelial  hemato- 
phages are  also  to  be  found  in  the  normal  bone  marrow,  in  certain  lymph 
nodes,  and  scattered  elsewhere  (157),  Under  pathological  conditions, 
they  may  be  a  prominent  constituent  of  the  hemo-lymph  nodes  (230). 
In  healthy  mammals,  though,  the  spleen  is  their  special  locus.  Often, 
when  blood  destruction  is  increased  through  disease  or  by  experimental 
means,  an  immense  number  of  auxiliary  hematophages  start  into  being, 
as  it  were.  They  are  elements  similar,  so  far  as  can  be  seen,  to  those  that 
normally  engulf  red  cells,  but  they  either  have  not  previously  functioned 
in  this  way  or  so  occasionally  that  their  activity  has  passed  unnoted. 
Sections  of  the  spleen  may  appear  tesselated  wuth  such  elements, 
gorged  with  red  cells,  and  crowded  against  one  another;  and  the  size 
of  the  organ  maj-  undergo  a  great  increase  from  this  cause  (117).     In 
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special  instances  the  phagoc}i:osis  is  more  marked  elsewhere.  It  is 
esj)eciallj'  pronounced  in  the  peripheral  lymph  nodes  during  the  course 
of  experimental  anemia  due  to  Trypanosoma  brucei  (27) .  At  the  margin 
of  hemorrhages  into  the  tissues  anywhere  and  from  any  cause,  large 
endothelial  elements  may  be  seen  which  contain  red  cells.  Exception- 
ally hematophages  may  appear  in  the  general  circulation. 

There  is  no  doubt  then  that  phagocjiiosis  is  one  method  whereby  some 
red  cells  are  disposed  of  normally,  and  a  great  many  under  special 
pathological  circumstances.  To  not  a  few  investigators  it  is  the  all- 
sufficing  means  of  blood  destruction. 

The  cells  which  act  as  hematophages  are,  save  in  special  instances, 
of  a  single  kind,  though  so  widely  distributed.  They  are  of  endothelial 
origin.  Their  relationships  and  general  characteristics  have  often  been 
discussed  (66),  (5),  (184).  Their  activity  in  the  ingestion  of  red  cells  is 
merely  one  expression  of  a  widely  exercised  function;  for  they  will  take 
up  with  equal  alacrity  inert  particles  of  many  sorts,  bacteria,  and  some 
of  the  so-called  vital  stains.  The  most  striking  evidence  for  their  im- 
portance in  blood  destruction  is  of  recent  date. 

Most  of  this  evidence  has  been  procured  by  experiments  upon  birds. 
In  them  hematophages  are  numerous  normally  (107)  and  are  situate 
especially  in  the  liver,  not  in  the  spleen  as  in  mammals,  a  difference  which 
Kupffer  himself  (226) ,  (227)  seems  to  have  been  the  first  to  emphasize. 
McNee  (125),  (126)  has  repeated  the  celebrated  experiment  of  Minkow- 
ski and  Naunyn  (132)  showing  the  failure  of  hepatectomized  geese  to 
develop  jaundice  when  the  blood  is  damaged  with  arsine.  He  confirms 
their  result,  but  not  their  conclusion  that  the  jaundice  is  essentially 
hepatic  in  origin.  True,  liver  activity  is  responsible  for  it,  but  the  cells 
concerned,  instead  of  being  those  of  the  par(Michyma,  arc  the  Kupffer 
cells,  elements  the  Ukc  of  which  exist  in  other  organs.  They  ingest  and 
destroy  great  numbers  of  the  damaged  red  cells  with  a  formation  of  bile 
pigment.  Wlien  the  liver  is  taken  out  the  elements  elsewhere  that  are 
capable  of  functioning  as  hematophages  assume  the  task  of  the  Kupffer 
cells;  but  they  are  not  sufficiently  numerous  to  form  bilirubin  in  the 
amount  rccjuired  for  an  outspoken  icterus.  McNee  concludes  that  the 
liver  of  the  goose  must  be  looked  upon  as  a  double  organ,  containing  as  it 
docs  two  aggregates  of  cells,  parenchymal  and  endothelial  respectively^ 
that  have  Hhiirply  different  funittions.  Recent  studies  on  the  formation 
of  bile  pigment  in  lunnorrhagic  exudate's  (220),  (221),  show  beyond 
doubt, — as,  for  that  matter,  did  Virchow's  demonstration  of  it  in  old 
hematomas  (224), — that  the  substance  can  be  formed  outside  of  the  liver. 
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But  the  most  interesting  proof,  as  suggesting  a  possibly  frequent  oc- 
currence, is  to  be  found  in  the  derivation  of  bilirubin  from  hemoglobin 
introduced  into  a  circulation  from  which  the  liver  has  been  excluded 
(236). 

Lepehne  (113),  (114),  (116)  has  tested  further  the  relationship  of  the 
Kupffer  cells  to  blood  destruction.  Assuming  that  the  endothelial  cells  of 
the  liver,  if  sufficiently  engaged  with  one  sort  of  phagocyted  material  might 
be  unable  to  handle  another,  he  injected  collargol  into  pigeons  and  geese 
(116),  and,  when  the  endothehal  elements  had  stuffed  themselves  with 
it  and  were  presumably  incapacitated  for  the  taking  up  of  erythrocytes, 
he  brought  about  a  profuse  blood  destruction  with  arsine,  after  the 
classical  manner.  And  now,  despite  the  presence  of  the  liver,  jaundice 
failed  to  develop.  The  experiment  is  so  engaging  that  one  wishes  it 
were  possible  to  rule  out  a  toxic  action  of  collargol  as  an  explanation  of 
the  results. 

In  rats  there  are  many  splenic  hematophages.  Lepehne  (113)  finds 
that  after  removal  of  the  spleen,  the  Kupffer  cells  of  the  rat  liver  become 
active  in  the  destruction  of  red  cells.  Pearce  and  Austin  (157)  had 
already  noted  this  vicarious  functioning  under  similar  circumstances  in 
dogs,  and  had  found  not  only  the  hepatic  endothelium  engaged  in  it  but 
that  of  the  lymph  nodes  as  well.  And  endothelial  elements  in  the  hemo- 
lymph  nodes,  as  well,  may  engulf  red  cells  (230).  Observations 
on  the  occurrence  of  hemoglobinuria  and  of  hemoglobin-tinted  plasma  in 
splenectomized  rats  (113)  require  a  critical  confirmation. 

At  this  writing  the  precise  share  taken  in  blood  destruction  by  the 
endothelial  cells  which  function  as  hematophages, — or  by  the  reticulo- 
endothelial system,  as  the  term  now  goes, — is  much  in  debate  among 
German  students  of  the  icterus  problem.  Aschoflf  (5)  has  well  pre- 
sented the  case  for  the  importance  of  the  system.  He  concludes  that  it 
is  specifically  engaged  in  the  working  over  of  hemoglobin,  or  else  in  the 
elaboration  of  the  ferments  requisite  therefor.  Without  laboring  any 
point  it  may  be  admitted  to  possess  some  such  role  in  birds,  though 
whether  to  the  exclusion  of  other  "systems"  or  cells,  notably  the  cells 
of  the  hepatic  parenchyma,  has  yet  to  be  settled.  But  in  the  case  of 
many,  and  not  improbably  all,  mammals  some  other,  or  at  least  some 
additional,  means  of  blood  destruction  must  be  sought.  For  the  num- 
ber of  hematophages  normally  encountered  is  obviously  insufficient  for 
the  task  they  are  supposed  to  accomplish.  The  cat  has  so  few  of  them 
anywhere  that  prolonged  search  may  be  required  for  the  discovery  of 
a  single  one  (178).     Yet  the  cat   possesses  an  active  hematopoietic 
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tissue.     Is  one  to  suppose  that  in  this  animal  blood  destruction  does 
not  take  place  pari  passu  with  blood  formation? 

The  nature  of  the  stimulus  that  leads  to  a  normal  phagocytosis  of  red 
corpuscles  can  only  be  speculated  upon.  Is  the  process  itself  in  any 
sense  selective?  Corpuscles  that  have  been  damaged  by  a  variety  of 
agents  tend  to  lag  here  and  there  in  organs  that  contain  actual  and  poten- 
tial hematophages.  The  rapidity  with  which  they  collect  in  the  spleen 
is  sometimes  startUng,  as  is  the  speed  of  their  subsequent  ingestion  by 
cells  of  the  organ.  It  may  well  be  that  they  are  taken  up  merely  as 
inert  bodies  that  have  been  rendered  in  some  way  foreign  to  the  organ- 
ism. On  this  view  the  normal  ageing  of  corpuscles  would  involve 
changes  causing  certain  of  them  to  come  to  a  stop  here  and  there  in  the 
body,  with  phagocytosis  as  a  secondary  consequence.  The  evidence 
that  the  red  cells  collecting  in  the  spleen  of  some  pathological  con- 
ditions are  "physiologically  extra vasated "  (164),  (63),  (64),  (220)  is 
worth  remembering  in  this  connection.  Whatever  the  real  case  there 
is  no  doubt  that  by  some  hook  or  crook  of  function  or  morphology  the 
spleen  often  serves  as  a  sort  of  midden  for  damaged  erythrocytes. 

In  the  blood  plasma  of  normal  animals  of  several  species,  antibodies 
have  been  demonstrated  that  suffice  to  bring  about,  under  highly 
artificial  circumstances,  a  clumping  together  of  the  red  cells  of  the  same 
individual  (110),  (111).  It  is  tempting  to  suppose  that  such  agglu- 
tinins may  cause  a  lagging  of  old  cells  in  the  blood-tlestroying  organs. 
But  the  temperature  at  which  the  antibodies  cause  clumping  is  far 
below  that  of  the  body,  and  there  is  no  sign  of  any  such  happening  in  the 
normal  organism. 

Circulating  antibodies,  hcmopsonins,  that  induce  a  phagocytosis 
specific  for  red  cells  (145),  occur  occasionally  in  association  with  various 
(lij*casc  conditions  (83),  notably  such  as  involve  anemia  (ISl).  Their 
preacncc  as  a  rule  attracts  attention  only  when  elements  containing  red 
corpuscloH  are  found  in  the  blood  stream.  Usually  the  homjitophages  are 
derived  from  the  fixed  elements  of  tlie  rcticulo-endoth(!Hal  system 
(223),  (10);  but  occasionally  all  of  the  leucocytes,  even  mast-cells,  may 
invest  erythrocytes  (181).  It  has  not  been  possible  as  yet  to  study  the 
condition  of  tlic  viscera  in  such  instances,  witii  a  view  to  learning  wiiellier 
the  phenomenon  is  the  peripheral  expression  of  a  general  activity. 
Mention  has  been  made  of  the  fact  that  when  the  spleen  is  taken  out  of 
an  animal  in  which  hematophages  are  normally  |)n)miuent,  the  endo- 
thelial elements  of  otJHjr  regions  take?  over  the  task  of  ingesting  red  cells. 
It  is  perha|M  significant  that  in  the  first  recorded  instniu'<'  of  luMuato- 
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phages  in  the  peripheral  blood,  their  occurrence,  as  also  an  anemia, 
followed  removal  of  the  spleen  (128).  In  experimental  animals  sub- 
jected to  blood  destruction  or  repeatedly  injected  with  dyes  or  partic- 
ulate matter,  a  not  inconsiderable  number  of  the  endothelial  cells  of  the 
liver  and  spleen,  engaged  for  the  nonce  in  phagocj^tosis,  may  come  loose 
in  the  blood  (125),  (5).  Many  of  them  are  so  bulky  with  ingested 
material  as  to  be  sieved  out  of  circulation  by  the  capillaries  of  the  lungs. 

The  plasma  of  normal  man  often  contains  hemopsonins  for  the  cells 
of  individuals  of  other  blood  groups  (83);  and  after  transfusion  of  an 
incompatible  blood,  a  phagocytosis  of  red  cells  may  occur  in  the  blood 
stream  of  the  recipient  (150).  One  may  suppose  that  under  such  cir- 
cumstance large  numbers  of  the  cells  are  also  engulfed  in  some  of  the 
internal  organs.  For  in  the  nearly  analogous  cases  of  animals  injected 
with  serum  hemolysins  or  themselves  receiving  corpuscles  from  a  dif- 
ferent species,  there  is  often  a  great  hemophagocytosis,  especially  in  the 
spleen  (117).  And  in  such  cases  the  process  comes  about,  in  considerable 
part  at  least,  through  the  action  of  hemopsonins  (145). 

Fragmentation.  Somewhere  there  must  exist  in  the  body,  if  only  for  a 
moment,  morphological  evidence  of  the  disintegration  of  every  red  cell. 
In  several  mammalian  species  possessing  few  hematophages  a  search  of 
the  organs  by  perfusion  has  disclosed  a  wide  distribution  of  extracellular 
fragments  of  erythrocytes  (178),  still  holding  their  hemoglobin  but 
themselves  undergoing  further  reduction  into  a  fine  dust.  Similar 
fragments  can  be  recovered  from  the  circulating  blood  by  differ- 
ential centrifugation.  They  are  the  schistocytes  of  Ehrlich  (58), 
(59),  forms  derived  from  ordinary  red  cells  by  subdivision.  Can  it  be 
that  here  is  a  method  of  destruction  worthy  of  consideration? 

The  view  that  corpuscles  may  normally  be  threshed  to  pieces  in  the 
circulation  is  not  new  (130),  nor  will  it  seem  strange  to  anyone  who  has 
watched  in  the  living  animal,  a  red  cell  saddle-bagged  at  a  capillary 
fork,  pulled  well-nigh  in  two,  with  its  bagging  portions  continually 
belabored  and  dragged  upon  by  its  passing  fellows.  Ehrlich  thought 
that  the  formation  of  schistocytes  comes  about  as  the  result  of  serum 
changes,  and  he  argued  that  in  the  anemias  it  is  purposeful  inasmuch 
as  it  increases  the  cell -surface.  But  the  severe  occupational  strain  upon 
the  cells  will  amply  account  for  the  breaking  in  pieces.  When  these 
elements  have  been  damaged  in  any  one  of  many  ways  which  do  not 
involve  immediate  destruction,  for  example,  by  a  serum  hemolysin  (140), 
or  by  the  poisonous  principle  of  certain  mushrooms  (161),  or  by  heat, 
as  during  burns  (160),  (84),  (105),  an  almost  immediate  consequence  is 
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fragmentation  in  the  blood  stream.  The  changes  are  tersely  and  ade- 
quately described  by  Ponfick  (160),  (161)  who  was  perhaps  the  first  to 
follow  them.  Many  of  the  cell  fragments  produced  under  such  circum- 
stances give  up  their  hemoglobin.  As  a  rule  the  cell  debris  rapidly 
leaves  the  circulation,  lodging  in  the  spleen  and  elsewhere.  Certain  of 
the  normal  corpuscles  of  amphibians  can  be  stained  while  yet  circu- 
lating, and  cells  of  this  sort  show  a  special  tendency  to  fragment  (204). 

Schistocj'tes  are  prominent  in  the  blood  picture  of  manj'  anemias, 
and  are  perhaps  the  more  noteworthy  because  they  have  given  rise  to  so 
little  speculation.  Ashby  (7)  has  published  a  significant  picture  of  the 
blood  of  a  recently  transfused  patient  with  pernicious  anemia,  in  which 
the  erythrocytes  of  foreign,  that  is  to  say  healthj',  origin  appear  sharp- 
outlined  and  perfect,  in  contrast  with  the  irregular,  pale  or  dark,  rag.  tag 
and  bob-tail  corpuscles  that  are  the  patient's  own  possession.  Inci- 
dentally the  picture  aids  one  to  understand  the  strikingly  long  survival 
of  such  transfused  cells  in  patients  giving  every  evidence  of  continued 
severe  blood  destruction.     It  is,  in  part  at  least,  a  survival  of  the  fit. 

May  not  the  schistocytes  of  the  anemias  be  put  forth  as  such  by  the 
bone-marrow?  Granted,  as  concerns  some  of  those  found  in  connection 
with  a  marrow  so  abnormal  as  that  of  pernicious  anemia.  But  this  docs 
not  hold  for  the  cell  fragments  encountered  during  regeneration  from 
experimental  anemia  brought  about  by  bleeding.  Under  such  circum- 
stances large  numbers  of  corpuscles  of  soft,  jelly-like  consistcnc}-  appear 
in  the  circulation,  many  of  them  soon  breaking  up  into  fragments  (169). 
The  fragments  tend  to  accumulate  in  the  spleen,  but  are  to  be  en- 
countered elsewhere  as  well,  though  not  in  the  marrow,  significantly 
enough.  During  the  disappearance  of  compatible  blood  from  healthy 
animals  made  plethoric  by  transfusion,  schistocytes  become  numerous 
in  the  circulation  and  collect  in  the  organs. 

If  any  considerable  number  of  corpuscles  are  normally  tlneshed  to 
(Meces  in  the  blood  stream,  then  an  increased  functional  wear  and  tear, 
as  when  the  circulation  is  (jui(;kenc(l,  may  lead  to  an  increase  in  the 
destruction.  Poikilocytes  and  schistocytes  are  said  to  appear  in  the 
bloo<l  of  individuals  going  to  high  altitudes  (60).  Mention  has  been 
made  of  tli<?  fa<'t  that  in  cxcMci.scd  dogs  lilood  dc^struction  is  much  more 
considerable  than  in  sedentary  animals  (30),  (31).  An  increase  in  the 
circulating  MchiHtocytcH  has  not  been  demonstrated.  In  normal  mam- 
nial.H  the  number  of  fragmented  forms  in  1  he  blood  stream  is  never  great, 
nor  is  the  accumulation  in  the  8pl(H;n  impr(>ssive. 
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It  has  been  suggested  on  histological  grounds  that  the  ultimate  fate 
of  red  cells  may  be  a  phagocytosis  in  the  spleen,  following  fragmentation 
(2).  Lepehne  (115)  has  studied  the  character  of  the  content  of  the 
splenic  hematophages  in  human  beings.  In  individuals  dying  with 
evidence  of  toxic  or  thermic  blood  injury  great  numbers  of  hemoglobin- 
containing  fragments  were  present  in  the  hematophages,  whatever  the 
situation  of  these  latter,  and  a  lesser  number  of  such  fragments  was 
also  free  in  the  blood.  Lepehne  believes  that  he  has  discovered  a  new 
method  of  blood  destruction,  erythrorhexis  within  phagocytes;  yet  his 
evidence  accords  better  with  the  view  that  fragmentation  took  place 
outside  of  these  elements.  It  is  known  so  to  do  after  toxic  and  thermic 
injuries,  as  already  mentioned  a  page  or  so  back. 

The  conception  that  cell  destruction  in  the  anemias  comes  about  in 
considerable  part  by  fragmentation  soon  after  the  cells  leave  the  parent 
tissue  involves  the  view  that  this  tissue  in  repairing  an  anemia  has  to 
cope  not  only  with  the  original  difficulty  responsible  for  the  inferiority 
of  its  present  yield,  but  with  extra  losses  consequent  on  the  inferiority. 
This  unfortunate  state  of  affairs  probably  exists,  no  matter  what  the 
mode  by  which  worn-out  cells  are  disposed  of.  For  it  is  scarcely  to  be 
expected  that  the  corpuscles  manufactured  under  pathological  condi- 
tions will  withstand  the  exigencies  of  circulation  as  long  as  normal  ones. 
All  of  which  is  to  say  that  cell-mortality  will  continue  high  until  an 
adequate  type  of  corpuscle  is  available.  The  point  has  received  too  little 
recognition  in  attempts  to  comprehend  the  course  of  blood  repair. 

The  phenomenon  of  hemolysis  in  the  test  tube  is  so  impressive  as  to 
have  suggested  to  msmy  observers  that  normal  blood  destruction  must  be 
effected  in  some  such  way.  Italian  and  French  hematologists  especially 
have  inclined  to  such  a  view.  They  appear  to  have  tacitly  accepted  the 
inadequacy  of  phagocytosis  as  an  explanation  of  the  fate  of  the  corpus- 
cles, and  thej^  have  been  influenced  in  opinion  by  the  studies  of  their  com- 
patriots on  hemolytic  icterus,  and  the  favorable  results  of  splenectomy 
in  several  blood  diseases.  The  hypothesis  according  to  which  blood  is 
normally  hemolyzed  was  first  formulated  long  ago,  by  Botazzi  (23). 
According  to  Banti  (12),  (13),  whose  conceptions  have  been  widely 
adopted,  there  exist  in  the  body  "hemolytic  organs, "  of  which  the  spleen 
is  the  most  important,  which  may  be  excited  in  various  ways  to  great 
activity  and  are  so  excited  in  the  hemolytic  icterus,  above  referred  to. 
Many  experiments  are  on  record  in  which  normal  hemolysins  feature,  and 
some  demonstrations  as  well  of  free  hemoglobin  in  blood  from  the  splenic 
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vein;  but  the  difficulties  of  interpretation  are  great.  Injections  of  splenic 
extract  are  said  to  lower  the  number  of  circulating  red  cells.  The  whole 
subject  has  been  reviewed  by  Pearce  and  Krumbhaar  (158), — who  have 
made  many  observations  in  connection  with  it, — and  recently  by  Eddy 
(57).  At  the  present  time  the  thesis  that  hemolysis  is  concerned  in 
normal  blood  destruction  must  be  looked  upon  as  not  proven. 

To  sum  up,  only  two  normal  methods  have  thus  far  been  discovered 
whereby  worn-out  red  corpuscles  leave  the  circulation,  namel}',  phago- 
cytosis and  fragmentation.  The  amount  of  phagocytosis  normally 
going  on  in  the  body  is  often  insufficient  to  account  for  the  disappearance 
of  many  cells  whereas  a  constant  slight  fragmentation  throughout  the 
circulation  will  readily  do  so.  Both  processes  may  quite  possibly  be  of 
little  consequence  as  comparetl  with  some  other,  unrecognized  as  yet. 
One  is  privileged  to  believe  as  one  wishes  about  the  matter,  but  scarcely 
to  draw  conclusions. 

Phagocytosis  and  fragmentation  of  the  corpuscle  have  been  discussed 
at  length  because  they  are  processes  natm-al  not  only  to  the  healthy, 
but  to  the  diseased  organism  in  which  large  quantities  of  blood  are 
rapidly  broken  down.  They  serve  often  in  this  latter  connection  as  the 
means  of  first  resort.  But  there  are  a  host  of  pathological  conditions 
in  which  destruction  of  the  red  cells  comes  about  by  methods  essentially 
morbid  and  frequently  of  extraneous  derivation.  These  methods  will 
be  but  briefly  dwelt  upon. 

Abnormal  methods  of  blood  destruction.  Many  forms  of  injury 
to  the  red  cell  that  are  encountered  in  man,  under  present  industrial 
conditions,  are  so  bizarre  as  almost  to  rank  with  the  wantonly  experi- 
mental. They  are  not  ensconced  in  the  life  of  the  species  like  injury  by 
the  malarial  parasite  and  by  bacterial  organisms.  .\nd  they  need  be 
mentioned  here  only  as  they  throw  light  on  physiological  laws.  This 
they  sometimes  do.  But  it  is  the  weakness  of  much  of  the  current 
oxpcrimfrntal  work  on  blood  disoasos  that  it  is  carried  out  with  injurious 
agents  the  effects  of  which  on  the  red  cell  and  on  llic  aniin.il  bodv  ciii  only 
bo  regarded  as  highly  artificial. 

Hemolysis.  The  chemical  and  physical  ag<Mits  whicli  hiinjz;  ;il)out  a 
)ilx;rution  of  hemoglobin  from  the  corpuscles  are  legion;  and  various  arc 
the  ways  in  which  they  compass  the  result  (235).  Several  attempts 
have  been  made  to  follow,  through  the  darkrield  inicroscoiw,  the  mor- 
phological changes  incident  to  hemolysis.  They  have  been  so  far  suc- 
cewrful  a«  to  have  shown  that  the  changes  are  not  always  the  same 
(63),  (180).    The  roHi.stunce  of  the  c<»11h  U)  any  one  hemolysin,  as  in- 
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dicated  by  the  freeing  of  pigment  from  the  corpuscle,  is  often  no  index 
to  that  of  others  (183),  (104).  What  agent  then  shall  one  take  as  an 
indicator  of  the  age  or  condition  of  the  cell?  Manifestly  the  facts  give 
no  warrant  for  taking  any.  Yet  it  is  current  practice  to  choose  an  hemo- 
lysin for  clinical  tests  of  cell  resistance,  usually  one  that  is  readily 
available  and  easily  manipulated.  And  our  ignorance  justifies  the 
practice.  Cell  peculiarities  have  been  demonstrated  thereby  in  not  a 
few  conditions,  and  although  their  meaning  awaits  elucidation,  the 
discovery  of  tlioin  has  moused  six-culation  when  it  has  not  aided 
diagnosis. 

That  hemolysis  may  on  occasion  take  place  in  the  animal  body  has 
been  realized  ever  since  the  disastrous  seventeenth  century  efforts  to 
invigorate  the  old  and  sometimes  wicked  with  blood  from  the  young  and 
sufficiently  innocent.  The  literature  of  the  time  contains  many  succinct 
descriptions  of  the  events  which  followed  the  giving  of  a  wrong  strange 
blood  (109).  The  studies  of  Bordet  and  Ehrlich  on  serum  hemolysins 
rationalized  these  happenings  and  set  a  throng  of  investigators  upon  the 
idea  that  the  activitj^  of  such  antibodies  would  explain  blood  destruction 
in  general  (185).  Unfortunately,  the  existence  in  the  normal  human 
organism  of  isolysins  and  isoagglutinins  was  not  recognized  for  several 
years  (112),  (137) ;  and  many  findings  which  seemed  significant  have  now 
been  traced  to  them.  At  the  present  day  the  destruction  of  one  disease 
at  least,  paroxysmal  hemoglobinuria  (54),  is  known  to  be  produced  by 
a  serum  hemolysin  having  the  character  of  an  antibody;  and  in  several 
other  maladies  in  which  there  are  signs  of  a  great  breaking  down  of 
corpuscles,  notably  in  pernicious  anemia  (174),  (242),  (228)  and  some 
forms  of  hemolytic  icterus  (46),  (212),  auto-hemolysins  have  been 
encountered.  The  effect  of  isohemolysins  is  only  too  frequently  wit- 
nessed in  transfused  cases.  No  further  comment  would  be  called  for  in 
this  connection  save  for  a  curious  development  of  a  sort  essentially 
modern.  The  technique  of  transfusion  methods  has  been  pushed  to  per- 
fection without  a  proportionate  understanding  of  the  results  of  the 
procedure;  and  in  consequence  there  are  now  on  record  not  a  few  in- 
stances in  which,  through  frequent  transfusions,  immunization  of  the 
human  creature  against  bloods  previously  compatible  has  been  un- 
wittingly accomplished  (22),  (208).  Often  the  inununized  individual 
can  now  no  longer  be  helped  by  the  transfer  of  corpuscles  from  anyone, 
but  is  greatly  harmed  instead.  The  newly  developed  lysins  may  or  may 
not  be  demonstrable  in  vitro. 

Under  pathological  circumstances  substances  potentially  hemolji;ic  but 
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normal  to  special  organs  or  tracts  may  escape  from  their  usual  environ- 
ment into  the  general  circulation  and  damage  the  red  cells.  The  bile 
of  most  species  is  hemolytic,  by  reason  of  the  cholates  that  it  contains 
(119);  and  the  anemia  so  often  associated  with  prolonged  jaundice  from 
obstruction  has  been  attributed  to  lysis  by  bile  salts,  though,  as  we  now 
know,  the  plasma  acts  to  prevent  this  (18),  (119),  (199).  The  anemia 
of  nephritis,  as  of  certain  other  diseases,  is  not  inconceivably  due  in 
part  to  lysis  by  retained  metabolic  products.  Hemolysins  have  been 
demonstrated  in  necrotic  tissues  (232);  and  blood  destruction  in  some 
patients  with  large  necrosing  tiunors  may  conceivably  be  caused  by 
such  bodies.  Chronic  poisoning  with  tolujdenediamine  results  in  the 
formation  of  hemolytic  substances  by  autolysis  (98),  (127).  The 
suggestion  that  fatty  acids  may  be  responsible  for  a  lysis  of  cells  in 
patients  has  led  to  much  work  (101);  but  it  is  not  supported  by  the  most 
recent  findings  (52).  The  need  for  a  rational  therapy  of  pernicious 
anemia,  coupled  with  the  evidence  for  hemolysis  in  the  disease,  has  led 
to  a  wide  extension  of  knowledge  as  regards  lytic  agents  which,  one  by 
one,  through  successive  waves  of  investigation,  have  been  proven 
guiltless  in  the  matter  (153). 

Banti's  view  (12),  (13)  that  blood  destruction  is  caused  by  a  hyper- 
activity for  hemolysis  of  certain  organs,  notably  the  spleen  (71),  (73), 
(74),  (75)  has  Ijeen  discussed  in  its  relation  to  normal  blood  destruction. 
Whether  the  hemolysins  which  can  not  infrequently  be  separated  out  of 
the  tissues  (69),  (21),  (147),  (148),  (233),  (234)  play  any  r61e  in  body 
processes  is  dubious,  to  say  the  least.  Hunter  (04)  is  largely  responsible 
for  the  stimulative  idea  that  blood  destruction  in  pernicious  anemia 
comes  about  through  the  action  of  a  lytic  substance  absorbed  from  the 
intestinal  tract.  The  finding  of  Bunting  (43)  and  others  (120)  that 
blotKJ  pictures  much  like  those  characteristic  of  the  disease  may  follow 
upon  the  repeated  intravascular  injection  of  luMuolysins;  Tallqvist's 
(210)  olwervfttions  on  the  anemia  sometimes  developing  in  individuals 
who  harbor  the  tajH^worm  Hothrioccphalns  latus;  and  the  (l(Mnonslnition 
of  the  fK»rmeability  of  the  intestinal  wall,  not  only  to  some  of  the  simpler 
hemolytic  [MiisonM  (90)  but  to  serum  antibodies  ((>7),  are  alike  encourag- 
ing to  Much  u  view.  Yet  there  are  invest igutors  who  nmintain  that 
pcmiciouA  anemia  w  not  a  diHeuHe  of  blood  destruction  at  all.  They  pit 
itu>lat«(i  facts  or  ingenimis  hyf)otheHeH  against  the  mass  of  (ImIm  whidi 
attCfrtit  to  a  hnvor  umong  the  red  cells. 

The  discovery  that  certain  niicroorganisms  will  produce  lysins  (hemo- 
toxinii)  (213),  (214),  (124),  (1(W),  (1(H)  nw\rr  .ippropriatc  coixlitions 
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has  a  potential  bearing  not  only  on  the  anemias  of  obscure  origin  but  on 
the  serious  blood  changes  that  occur  in  many  infectious  diseases.  In 
most  such  instances  we  do  not  yet  know  whether  an  increased  destruction 
or  a  lessened  formation  of  cells,  or  a  combination  of  both,  is  to  be  blamed. 
In  the  average  case  of  scarlet  fever,  for  example,  a  drop  in  the  red  count 
of  about  one  million  cells  is  said  to  occur  (90),  and  with  that  said, 
knowledge  upon  the  matter  has  been  nearly  summed  up  (108).  Yet  it 
should  be  possible,  by  methods  now  available,  to  determine  where  in 
the  blood  cycle  the  trouble  occurs. 

Some  of  the  hemotoxins,  those  truly  deserving  the  name,  behave  like 
genuine  toxins,  inducing  in  the  animal  a  formation  of  antibodies  which 
may  on  occasion  have  a  high  titre  (213),  (214).  The  recent  work  of 
Bull  on  the  toxin  of  B.  welchii  (40),  (41),  (42)  furnishes  a  case  in  point. 
The  nature  of  many  other  hemotoxins  is  only  vaguely  apprehended. 
There  is  good  reason  to  suppose  that  the  malarial  organism  (15),  (29), 
(244)  and  numeroiLs  other  animal  parasites  give  off  substances  that 
cause  lysis  (209),  (210).  But  the  literature  on  hemolysins  of  extrinsic 
origin, — a  literature  of  stupefying  dimensions, — cannot  be  reviewed 
here.  Work  with  these  agents  has  not  of  late  greatly  furthered  an 
understanding  of  the  laws  of  blood  destruction  within  the  organism. 
In  1877  Ponfick  (160),  describing  of  the  effects  of  mushroom  poisoning 
in  dogs,  set  forth  in  a  couple  of  paragraphs  nearly  all  that  we  now  know 
of  the  ways  in  which  red  cells  go  to  pieces  when  acted  upon  within  the 
bodj^  by  an  hemolysin.  He  observed  lysis  and  fragmentation  occurring 
together,  and  a  local  deposition  of  the  cell  debris  with  subsequent 
phagocytosis  of  it  and  of  cells  still  intact. 

The  failure  to  demonstrate  serum  or  other  hemolysins  in  clinical 
conditions  in  which  there  exists  good  reason  to  suppose  them  active  is 
evidence  rather  for  the  inadequacy  of  current  methods  of  test  than  for 
conclusions  on  the  state  of  affairs  within  the  body.  For  example,  an 
amount  of  serum  hemolysin,  which  suffices  to  lake  but  a  few  cubic  centi- 
meters of  blood  in  vitro  may,  when  introduced  into  the  organism,  give 
rise  to  great  destruction  (139).  This  comes  about  in  part  through  a 
transfer  of  the  hemolysin  from  cell  to  cell,  and  in  other  part  (135),  (136), 
(138),  (139),  through  an  increased  fragmentation  and  phagocytosis  of 
corpuscles  to  which  they  become  liable  without  any  liberation  of  pig- 
ment having  taken  place.  Furthermore,  there  can  be  no  doubt  that  an 
injury  insufficient  to  produce  hemolysis  under  test-tube  conditions  may 
bring  it  about  in  the  animal  body.     The  development  of  methods  which 
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will  enable  one  to  recognize  in  vitro  when  red  cells  become  non-viable 
rests  as  an  urgent  task  upon  hematologists.  /Vt  present  workers  employ, 
of  necessity,  the  crudest  possible  criterion,  namely,  lysis. 

There  are  yet  other  sources  of  difficulty  in  the  demonstration  of 
hemolj'sins  in  disease  states.  Some  of  them  never  enter  the  general 
circulation.  The  one  which  is  responsible,  presumably,  for  the  anemia 
associated  with  the  broad  tapcw^orm  (Bothriocephalus)  disappears  from  the 
blood  of  animals  within  15  minutes  after  injection,  as  experiment  has 
shown  (209) ;  and  3^et  it  does  not  fail  to  exert  for  a  much  longer  period 
its  destructive  influence.  Some  agents  give  rise  to  hemolj'sis  only  as  the 
result  of  changes  they  induce  in  the  tissues  (98).  There  are  modifying 
serum  factors  and  others  of  dilution  and  proportion  which  are  not  taken 
into  account  in  test-mixtures  as  ordinarily  set  up, — factors  which  vary 
greatly  from  individual  to  individual.  But  it  is  unnecessary  to  enlarge 
on  our  inability  to  copy  body  conditions. 

Hemagglutination.  Landsteiner  (110),  who  first  demonstrated  the 
presence  of  autohemagglutinins  in  the  plasma  of  normal  animals,  showed 
that  these  bodies  have  the  same  essential  characters  as  the  iso-  and 
heteroagglutinins,  but  are  much  weaker,  and,  as  already  mentioned,  act 
to  cause  a  clumping  of  cells  only  under  highly  artificial  conditions. 
Agglutinins  have  also  been  found  in  extracts  of  the  normal  corpuscles  of 
some  species  (102),  (171).  The  question  arises  whether  under  patho- 
logical conditions  such  auto-antibodies  ever  bring  about  blood  destruc- 
tion. There  are  facts  to  suggest  that  they  do: — In  diseased  human 
beings  they  are  occasionally  of  high  titrc  (89),  (48),  (241)  and  are  found 
in  association  with  anemia.  Yet  it  is  not  always  certain  that  the 
anemia  may  not  l)e  a  cause  for  their  occurrence  rather  than  an  effect  of  it. 
For  autoagglutinins  appear  in  animals  rendered  anemic  by  bleeding 
(170),  as  also  when  blood  destruction  is  increased  by  the  repeated  in- 
jection of  compatible  corpiLscles  (180),  (171).  It  is  claimed  that  when 
blood  kept  outside  of  the  body  for  several  days  is  returned  to  the  indi- 
vidual whence  it  came,  autoagglutinins  develop  (121).  The  fact  may 
be  granted  but  its  interpretation  remains  uncertain.  For  the  temporary 
removal  of  the  blood  entails  a  temporary  anemia  such  as  may  itself  lend 
to  an  appearance  of  agglutinins. 

iHongglutiiiinH  are  reHfwnsible  for  some  of  the  imtoward  effects  of 
the  tninHfusion  of  incompatible  blood  (150),  (151).  Certain  disease- 
producing  bacteria  give  rise  to  ugghitinins  effective  against  the  corpuscle 
(244).    Serious  changes  in  tiie  organs  as  a  result  of  heinagglutination 
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have  been  described  (70),  (154),  (155).  The  nature  of  these  changes  is 
such  that  any  considerable  participation  of  agglutination  in  patho- 
logical blood  destruction  would  surely  have  been  discovered  ere  now. 

Cell  destruction  through  pigment  changes.  On  pathological 
occasion  the  hemoglobin  of  erythrocytes  may  be  so  combined  with  or 
altered  that  the  cells  become  more  or  less  useless  as  oxygen  carriers. 
The  combination  may  be  reversible,  and,  in  one  such  case  at  least, 
that  of  carbon  monoxide  poisoning,  the  affected  corpuscles  continue  to 
circulate  until  restored  to  their  normal  condition  (79),  (146).  When  a 
permanent  change  has  been  effected,  as  to  methemoglobin,  they  may 
rapidly  leave  the  blood  stream  although  still  intact  (207).  A  profound^ 
anemia  may  thus  develop  within  a  few  minutes.  The  fate  of  the 
changed  pigment  has  not  l>een  traced.  Cole  (49)  and  others  (45)  have 
brought  out  the  fact  that  infection  with  the  pneumococcus  can  lead  to 
some  formation  of  methemoglobin.  Usually  this  is  not  found  free  in  the 
serum,  though  Van  den  Bergh  and  Engelkes  (222)  have  described  both 
methemoglobinemia  and  sulphmethemoglobinemia  accompanied  by 
hemolysis.  In  many  forms  of  fulminant  blood  destruction  hematinemia 
has  been  noted  (193),  (194),  (195)  as  the  result  of  changes  in  the  hemo- 
globin after  it  has  left  the  corpuscle. 

The  influence  of  congenital  peculiarities  on  blood  destruc- 
tion. In  an  occasional  human  Ijeing  some  of  the  erythrocytes  habit- 
ually put  forth  by  the  marrow  are  disc  shaped  (55),  (56)  or  even  of  an 
attenuated  sickle  shape  (61),  (85);  and  there  may  be  a  family  tendency 
to  the  condition  and  an  anemia  associated  with  it.  Other  individuals  are 
born  with  a  tendency  to  jaundice  of  hemolytic  character  (212);  and  here 
again  a  family  influence  is  often  visible.  The  peculiarity  may  assert 
itself  merely  by  the  presence  of  slightly  more  bilirubin  in  the  blood  scrum 
than  is  normal  {choUmie  familiale  simple)]  or  again  it  may  lead  to 
pronounced  jaundice  and  anemia  persisting  throughout  a  long  life. 
Autoagglutinins  and  hemoh'sins  have  Ijecn  demonstrated  in  individual 
instances  (46).  A  noteworthy,  almost  unique,  character  of  the  erythro- 
cj'tes  is  their  lessened  resistance  to  lysis  by  hypotonic  solutions  (44). 
Resistance  of  the  sort  is  remarkably  uniform  in  most  diseases  and  in 
normal  states  as  well,  though,  strangely  enough,  it  is  enhanced  in  the 
obstructive  forms  of  jaundice. 

The  conclusion  cannot  be  avoided  that  some  congenital  factor  is 
active  in  all  the  conditions  mentioned.  But  the  nature  of  the  factor, 
or  factors,  affecting  the  corpuscles  has  thus  far  eluded  determination. 
There  is  evidence  that  plasma  abnormalities  may  be  the  cause  for  sickle- 
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shaped  red  cells,  and  some  observers  would  lay  the  various  forms  of 
family  cholemia  to  a  liver  derangement  (17), — though  a  marrow  ab- 
normality affecting  the  character  of  the  cell  output  seems  more  likely. 
Whatever  the  trouble  its  ultimate  results  are  in  one  respect  at  least  often 
the  same.  There  is  increased  blood  destruction  with  splenic  enlarge- 
ment. The  steps  in  the  process  of  destruction  have  not  been  followed. 
Banti's  explanation — that  there  is  a  splenic  hyperactivity  leading  to 
hemolysis — has  alreadj'^  been  discussed. 

Cell  destruction  by  extravasation.  Erythrocytes  confined  be- 
tween ligatures  upon  a  vessel  break  down  much  more  slowly  than  do 
others  escaping  into  the  tissues  (192).  Tissue  ferments  have  been  held 
responsible  for  the  difference.  It  is  certain  that  the  great  majority  of 
the  red  cells  of  hematomas  do  not  regain  the  circulation  but  disintegrate 
on  the  spot.  Kretz  (106)  suggested  many  years  ago  that  in  some  ob- 
scure cases  in  which  the  liver  contains  an  abnormally  large  amount  of 
blood  pigment,  repeated  small  hemorrhages  will  account  for  the  finding. 
The  anemia  of  severe  cases  of  purpura  is  clearly  traceable  to  the  repeated 
local  extravasation  and  disintegration  of  blood.  Whether  there  are  other 
anemias  consequent  on  long-continued  occult  hemorrhages  within  the 
body  has  not  been  ascertained. 

The  course  of  events  in  hematomas  is  one  of  the  oldest  themes  in 
modern  pathology  (224).  Recently  the  alterations  in  the  blood  pigment 
have  been  studied,  with  improved  methods,  by  Van  den  Bergh  and  his 
a.S80ciates  (219),  (220).  They  emphasize  the  similarity  to  changes 
taking  place  in  the  spleen  in  some  of  the  blood  diseases.  Pribram 
(164)  haii  noted  that  in  chronic  passive  congestion  of  the  spleen  there  is 
a  marked  local  breaking  down  of  blood;  while  Eppinger  (64)  had  laid 
stress  on  the  vascular  jwculiarities  of  the  organ  in  pernicious  anemia, 
advocating  the  view  that  the  destruction  of  red  cells  results  from  what 
is  in  effect  a  constantly  recurring  extravasation  into  the  splenic  pulp. 
And  now  Van  den  I^ergii  has  brouglit  clKMiiical  evidence  for  a  "pliysio- 
lof^eal  extravasation"  of  red  cells,  not  alone  in  ixM-nicious  .-ituMnin  hut 
in  other  conditions. 

I)k.stuu(TIon  ah  afkkctkd  IJY  I'LASMA  CHANiJKs.  .According  to 
Hiunlx^rger  (81) — and  the  idea  has  become  a  familiar  one  to  students  of 
the  chemistry  of  the  blood  however  simple  a  plasma  change  may  l)e, 
itfl  conscciiMmco  is  a  change  in  the  chemical  const  it  nl  ion  of  the  red  Ijlood 
cell.  Then*  can  Ix;  no  <iuestion  but  that  many  plasma  changes  whi(;h 
take  place  within  the  l>o(ly  must  make  for  or  against  the  survival  of  the 
corpuscle,  if  not  by  causing  interior  alterations,  tlien  by  acting  from 
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without.  The  fluid  of  the  normal  blood  acts  to  protect  the  cells  against 
mechanical  insult,  and  from  the  effects  of  many  hemolysins  (235).  But 
may  not  the  highly  abnormal,  only  sHghtly  viscous  plasma  of  pernicious 
anemia  (144)  fail  in  some  degree  to  ward  off  mechanical  harm  to  the  cells 
during  their  incessant  round  of  the  body?  A  decreased  power  of  the 
plasma  in  this  disease  to  protect  red  cells  from  hemolysis  by  soaps 
has  lately  been  described  (47) ;  but  that  the  power  itself  is  of  practical 
moment  has  now  to  be  proven.  An  attempt  has  been  made  to  group 
with  the  various  forms  of  congenital  jaundice  those  blood  states  charac- 
terized by  the  presenc3  of  sickle  or  disc-shaped  cells  as  well  as  the  others 
in  which  autoagglutinins  or  hemopsonins  have  been  found,  and  to 
attribute  all  to  plasma  changes  (229). 

The  rate  of  pathological  blood  destruction.  The  possibility 
that  the  destruction  of  red  corpuscles  may  sometimes  slacken  in 
disease  has  been  scarcely  considered,  so  generally  is  it  hastened.  Yet 
there  are  data  to  show  that  in  rabbits  transfused  and  having  need  of  the 
blood  thus  provided  this  lasts  longer  than  in  normal  animals  (26).  The 
finding  may  possibly  help  to  explain  the  protracted  survival  of  trans- 
fused cells  in  some  human  beings  (7),  (8),  (9).  The  assertion  has 
recently  been  made  that  the  degradation  of  hemoglobin  by  the  liver  can 
be  delayed  by  poisons  acting  upon  the  organ,  and  that  a  polycy- 
themia then  ensues  which  is  the  result  of  decreased  blood  destruc- 
tion (88).  Almost  the  whole  of  previous  knowledge  speaks  against 
such  a  happening. 

The  increased  blood  destruction  of  many  pathological  states  is  ac- 
complished, as  it  will  do  no  harm  to  state  again,  by  methods  that  are 
normal  in  themselves.  Hunter  assumed  as  much  in  his  studies  of  the 
fate  of  the  corpuscles  in  dogs  made  repeatedly  plethoric  by  transfusion 
(93).  He  observed  that  an  ability  to  break  down  the  blood  with  speed 
was  acquired  by  the  animals,  a  finding  confirmed  by  later  workers 
(25),  (87).  The  destruction,  in  so  far  as  it  is  brought  about  by  antibodies 
directed  against  the  alien  cells,  must  be  considered  pathological.  But 
the  demonstration  that  exorcise  hastens  corpuscular  disintegration  in 
normal  animals  (30),  (31)  suggests  the  thought  that,  in  many  diseases 
unrelated  directly  to  the  blood,  the  physiological  apparatus  concerned 
in  the  destruction  of  its  cells  may  be  affected. 

Current  estimates  •  upon  the  pace  of  cell  destruction  in  disease  are 
based  upon  the  same  insecure  premises  and  data  as  are  those  for  health. 
The  amount  of  urobilin  in  the  stools  has  been  assumed  by  many 
workers  to  yield  an  index  to  it  (62),  (243),  (167);  and  certainly  there  are 
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clinical  observations  attesting  to  a  usefulness  of  the  substance  in  this 
connection.  But  urobilin  is  derived  from  bilirubin,  which,  as  we  have 
seen,  may  not  represent  destroyed  blood  quantitatively;  while  further- 
more the  amount  of  urobilin  which  can  be  got  from  normal  stools  by 
present  methods  is  far  below  that  which  should  be  yielded  by  the  biU- 
rubin  turned  into  the  intestines  (62).  Eppinger  and  Charnass,  ad- 
mitting that  this  prevents  inferences  on  normal  blood  destruction,  hold 
nevertheless  that  calculations  from  the  quantity  of  urobilin  found  under 
pathological  conditions  can  at  worst  lead  only  to  an  under-estimation 
of  the  number  of  cells  destroyed.  This  quantity  is  so  great  in  some  cases 
of  congenital  hemolytic  jaundice  that  a  turnover  of  the  entire  amount  of 
blood  once  in  every  two  or  three  days  would  be  required  to  account  for 
it  (62).  A  recent  reviewer,  discussing  the  possibility  of  a  similarly 
swift  destruction  and  replacement  in  pernicious  anemia,  finds  it  so  far 
out  of  the  question  as  to  reduce  to  absurdity  the  general  reliance  upon 
urobilin  figures  (239).  Yet  when  one  considers  how  rapidly  blood 
broken  down  within  the  body  may  be  replaced,  how  little  the  total 
quantity  sometimes  is  in  the  diseases  just  mentioned,  and  how  wide- 
spread and  active  the  hematopoietic  tissue,  this  seems  not  necessarily 
to  follow. 

The  appearance  of  punctated  cells  in  individuals  given  small  doses  of 
lead  by  mouth  has  been  utilized  in  a  stu(h'  of  the  period  of  survival  of 
corpuscles  in  human  beings  with  malaria  (50).  Some  of  the  punctated 
cells  survive  for  2  days  at  least.  The  method  is  highly  limited  in 
application,  needless  to  remark. 

A  destruction  of  the  greater  part,  if  not  of  the  whole  of  the  blood 
can  be  brought  about  before  life  is  extinct  by  the  use  of  physical  and 
chemical  agents.  But  these  agents  and  the  phj'^siological  situations 
they  induce  have  little  interest  in  the  present  connection. 

DuPOSAL  OP  THE  CELL  MATERIAL.  Tho  capabilities  of  the  organism 
to  (leal  with  dainagod  corpuscles  are  very  gn^nt.  C<41s  that  have  been 
injured  by  cxiHTimentul  means  usually  leave  the  circulation  practically  at 
once.  It  might,  indeed,  almost  1k«  set  down  as  a  general  rule  that  their 
continued  prcMftico  in  the  blood  stream  means  that  serious  destruction 
in  still  going  on,  and  tliat  the  animal  will  die  if  it  l)e  not  soon  checked. 
ThiH  rule  would  fail  to  hold  in  connection  with  the  danuiged  corpuscles 
of  (lifM'OM!  HtfttcH,  The  (liHtorted  or  fnigm<'nt<»(l  cells  of  many  aiieinias, 
unlike  thoJK?  occurring  in  conseciuence  of  the  action  of  poisons  of  extrinsic 
origin,  miwt  curtainly  go  the  round  of  the  vessels  for  some  time,  since  if 
they  diwippcared  promptly  there  would  oftiMJ  be  little  blood  left.     And 
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corpuscles  carrying  the  malarial  Plasmodium  may  function  until  their 
substance  had  been  almost  wholly  replaced  by  the  parasite. 

The  morphological  changes  undergone  by  phagocyted  red  cells  have 
often  been  followed.  The  view  is  widely  accepted  that  normally  the 
hemoglobin  derived  from  them  is  passed  on  from  the  spleen  to  the  liver. 
This  involves  the  assumption  of  some  sort  of  intracellular  hemoh'sis. 
But  the  histological  evidence  is  wholly  against  such  an  occurrence. 
The  red  corpuscles  within  hematophages  are  never  visibly  decolorized, 
nor  do  they  merge  into  larger  hemoglobin-tinted  globules  such  as  form 
after  the  ingestion  of  cells  already  hemolyzing  (177).  Instead,  cell 
fragments  of  various  size  are  regularly  seen,  all  of  them  smaller  than  the 
ordinary  erythrocyte.  They  are  at  first  rounded  and  give  the  staining 
reactions  for  hemoglobin,  but  are  sometimes  distinguishable  by  other 
means  from  fragments  of  extracellular  origin  (178).  They  undergo  a 
gradual  conversion  into  angular  brown  granules  of  hemosiderin,  and  one 
gains  the  impression  that  the  changes  take  place  at  a  slow  rate.  The 
tardy  utilization  of  the  iron  deposited  in  splenic  phagocytes,  as  compared 
with  that  in  the  hepatic  parenchyma,  is  in  keeping  with  this  impression 
(142).     Biliverdin  has  been  recognized  in  the  hematophages  of  birds  (5). 

The  normal  fragmentation  of  red  cells  progresses  until  they  are  re- 
duced to  a  fine,  hemoglobin-containing  dust.  Some  of  the  fragments 
and  dust  lodge  here  and  there,  especially  in  the  spleen  (178).  But  where 
and  how  the  ultimate  separation  of  hemoglobin  and  cell  fabric  takes 
place  remains  to  be  discovered.  Not  improbably  it  occurs  throughout 
the  circulation,  and  the  accumulation  of  schistocytes  in  the  spleen  is 
incidental  to  the  peculiar  vascular  arrangement  of  this  organ.  The  fact 
that  bilirubin  can  be  formed  from  blood  pigment  almost  anywhere  in 
the  body  fits  in  with  such  a  conception. 

Some  part  of  the  cell-fabric,  or  stroma,  has  an  immunological  pecu- 
liarity (185)  and  might  conceivably  be  traced.  It  has  been  separated 
from  the  cells  in  the  test  tube  (11).  But  the  conservation  of  the  stroma 
substances  would  seem  to  be  of  little  importance  to  the  organism. 
McMaster  and  Haessler  (122)  were  unable  to  deplete  the  body  of  them 
to  such  extent  as  to  interfere  with  the  formation  of  new  erythrocytes. 
It  is  a  common  observation  that  the  production  of  stroma  regularly 
outruns  that  of  hemoglobin  during  recovery  from  the  anemia  of  hemor- 
rhage. The  statement  has  been  made  that  such  repair  may  be  hastened, 
both  as  regards  cell  number  and  hemoglobin  percentage,  by  the  injection 
of  lipoids  derived  from  the  corpuscles  of  an  animal  of  another  species 
(100). 
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Gross  lysis  of  cells  in  the  blood  stream  brings  with  it  a  large  train  of 
pathological  consequences.  With  the  more  remote  we  are  not  con- 
cerned. Observers  have  likened  the  immediate  shock  to  that  of  anaphy- 
laxis (20),  (22)  and  some  believe  that  it  is  referable  to  similar  causes. 
Blood  crises  characterized  by  the  appearance  of  immature  cell  forms  in 
circulation,  and  closely  resembling  those  of  pernicious  anemia,  occa- 
sionally follow  upon  the  transfusion  of  an  incompatible  blood  (152) .  The 
factor  responsible  for  them  has  yet  to  be  identified.  Free  hemoglobin 
seems  not  to  be  toxic  (14),  (200),  save  perhaps  in  occasional  disease 
instances.  Artificially  prepared  globin,  though,  may  cause  serious  dis- 
turbance, at  least  in  experimental  animals  (190).  And  the  stroma  from 
the  cells  gives  rise,  in  addition  to  fever,  to  serious  disturbances  in  some 
species  (14), — not  in  others  (20), — by  lodging  here  and  there  and 
mechanically  obstructing  the  blood  stream.  It  is  the  better  enabled  so 
to  do  because  it  induces  clotting  (1 18).  It  collects  for  the  greater  part  in 
the  spleen  and  lungs.  When  blood  destruction  has  been  brought  about 
with  toluylenediamine  in  splencetomized  animals  the  "shadows"  of 
hemolyzed  cells  circulate  for  a  much  longer  time  than  is  the  case  in 
controls  not  deprived  of  the  spleen  (97). 

Free  hemoglobin,  hematin  and  bilirubin  may  all  be  met  with  in  old 
hematomas;  and  they  may  be  associated  together  in  the  large  spleens  of 
patients  with  some  of  the  blood  diseases  (220).  The  formation  of  bili- 
rubin in  the  perfused  normal  spleen  has  recently  l)ccn  described  (65). 
That  the  pigmentxfrom  damaged  cells  accumulating  in  the  organ  may 
undergo  the  same  changes  as  in  hematomas  one  can  readily  believe. 
Van  den  Bergh's  view  that  the  destruction  of  corpuscles  in  pernicious 
anemia  comes  about  by  a  "physiological  extravasation"  into  the  splenic 
tissue  is  based  on  this  assumption. 

Free  hemoglobin  has  not  been  demonstrated  in  nonnal  plasma,  although 
in  some  species  of  animals  (217),  notably  in  man,  bilirubin  is  present  in 
a  concentration  which  fiormits  cjuantitative  observations  (91),  (218), 
(220).  Injcct(*d  hemoglobin  is  rapidly  removed  from  th(^  blood  stream, 
notably  by  the  liver.  Crystals  of  it  have  been  recognized  in  the  hepatic 
parenchyniH  of  lu'althy  animals  (32),  (80).  That  it  cannot  be  im- 
mediately utilized  again,  as  (<uch,  for  new-formed  corpuscles  is  indicated 
by  the  tardy  changes  in  the  color  index  of  the  blood  of  animals  injected 
with  it  when  tlu'V  an?  putting  out  al)n()nnally  pale  cells  to  rei)air  losses 
from  hcriiorrhagc;  (122).  Indications  exist  of  intermediate  stations 
{ZtnucfumMtfUionen)  (191)  whore  it  is  worked  over.  The  fact  that  it  is 
manufactured  with  more  difficulty  than  the  rest  of  the  cell  has  already 
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been  referred  to.  In  view  of  these  facts  there  is  nothing  surprising  in 
the  circumstance  that  the  body  possesses  an  excellent  arrangement  for 
the  retention  of  the  more  important  part  of  such  pigment  as  may 
accidentally  be  liberated  from  corpuscles  (141).  Considerable  quan^ 
titles  must  accumulate  in  the  plasma  before  any  escapes  into  the  urine 
(51);  and  the  liver  acts  to  prevent  the  necessary  accumulation  by 
swiftly  removing  it  from  circulation  (10),  (156).  In  rabbits  given  a 
specific  hemolysin,  more  than  one-half  of  all  the  blood  may  be  destroyed 
within  48  hours  and  yet  no  hemoglobinuria  occur  (140).  But  in  human 
beings  long  subject  to  blood  destruction  the  pigment  may  appear  in  the 
urine  after  injections  of  it  which  in  healthj"^  individuals  would  have  no 
such  result  (200).  Either  the  liver  or  the  kidney  may  conceivably  be 
at  fault  in  such  instances. 

In  animals  rendered  anemic  by  blood  destruction  within  the  body 
the  loss  is  repaired  more  rapidly  and  satisfactorily  than  when  depletion 
has  been  accomplished  by  bleeding  (95),  (166).  The  pace  of  recovery 
depends,  within  limits,  on  the  amount  of  hemoglobin  available.  Not 
only  are  cells  of  better  quality  put  out  when  this  is  abundant,  but  there 
then  occurs  an  extension  of  the  red  marrow,  so  that  soon  the  body  comes 
to  possess  more  blood-forming  tissue  with  which  to  meet  the  situation 
(122). 

The  prevailing  view  on  the  normal  fate  of  hemoglobin  is  that  it  is 
broken  up  into  globin  and  hematin,  which  latter  in  turn  yields  hema- 
toidin,^ — thrown  off  in  the  bile  as  bilirubin, — and  iron-containing  ma- 
terials of  uncertain  chemical  constitution  which  are  retained  (1),  (235). 
When  an  unusual  amount  of  the  iron-containing  stuff  collects  in  the  body 
it  can  often  be  recognized  by  microchemical  reactions.  Recent  work 
makes  one  doubt  whether  that  is  all  there  is  to  the  matter.  Two  sorts 
of  bilirubin  have  now  been  distinguished,  one  formed  through  liver 
activity,  and  another  arising  without  intervention  of  the  organ  (220), 
(221);  and  certain  suggestive  anomalies  of  pigment  metabolism  have 
been  described.  There  is  a  condition  of  congenital  origin  in  which 
hematoporphyrin  (78),  nearly  related  to  hematin,  is  excreted  in  the  urine 
in  large  amount,  and  in  which,  moreover,hematin  itself  is  found  in  the 
blood,  together  with  bilirubin  (196),  (197).  In  some  diseases  iron  has 
been  found  in  the  plasma  in  such  a  state  that  it  may  be  readily  demon- 
strated, whereas  in  others  it  occurs  in  "masked  form"  (220).  Hematin 
(194),  (68)  may  circulate  in  such  quantity  as  to  color  the  plasma  a 
yellow-brown  (194).  The  obdurate  character  of  this  pigment  had  led 
to  the  supposition  that  it  cannot  be  an  intermediate  stage  in  the  normal 
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degradation  of  hemoglobin  (33),  (34),  (35),  (36).  The  truth  would  seem 
to  be  that  at  present  one  can  only  make  conjectures  about  the  course 
normally  followed  in  the  degradation  of  hemoglobin.  The  routes  for 
its  destruction  under  pathological  circumstances  are  many-tracked. 
The  relation  of  the  hemoglobin  of  the  blood  to  myohematin,  to  the  hemo- 
fuscin  of  hemochromatosis,  to  the  pigment  of  brown  atrophy,  and  to  the 
yellow  or  brown  material  laid  down  in  certain  organs  as  the  body  ages, 
has  all  to  be  worked  out,  as  has  the  connection  of  the  blood  pigment 
with  the  urinary  pigments  and  with  the  iron  noniial  to  the  cells  of  the 
tissues  in  general  (80),  (19),  (4). 

Rej)eated  attempts  have  l)een  made  to  work  backwards  up  the  trail 
of  the  hemoglobin  derivatives  to  the  sites,  if  not  of  blood  destruction, 
then  of  the  pigment  metabolism.  The  results  of  analyses  of  the  organs 
for  iron  have  given  rise  to  interesting  and  diverse  hj^potheses  on  the  fate 
of  the  erythrocjiie  (4),  (191),  (115).  But  numerous  facts  point  to  a 
need  for  caution  in  this  connection.  The  bone-marrow  of  normal  man, 
a  tissue  not  greatly  concerned,  so  far  as  is  known,  in  the  destruction  of 
corpuscles,  yields  the  microchemical  reactions  for  iron  more  often  than 
does  any  other  tissue  (191).  The  iron  derived  from  hemolyzed 
corpuscles  is  not  distributed  like  that  from  phagocyted  ones  (141). 
Furthermore,  local  injury  without  blood  extravasation  may  result,  under 
appropriate  conditions,  in  a  local  accumulation  of  hemosiderin  (179). 
And  in  hemochromatosis,  a  disease  characterized  by  the  extensive  depo- 
sition of  iron-containing  pigments,  there  is  no  evidence  whatever  of 
increased  blood-destruction  l)ut  much  that  is  practically  conclusive 
against  it  (131),  (205),  (92).  The  peculiar  abundance  of  hemosiderin 
in  the  hepatic  parenchyma  of  patients  with  jx'rnicious  anemia  can 
scarcely  attest,  as  so  many  think,  to  a  portal  disintegration  of  erythro- 
cytes. For  the  repeated  injection  of  small  quantities  of  hemoglobin 
into  the  systemic  circulation  will  bring  about  a  like  condition  (123). 
And  how  is  one  to  reconcile  the  idea  of  a  "physiological  extravasation' 
of  bloijd  in  the  spleen  during  tiie  course  of  i)ernicious  anemia  with  the 
fact  that  the  iron  content  of  the  organ  prov(vs  fnujuently  to  be  less  than 
normal  (194)?  All  this,  and  more,  tends  to  weaken  inferences  from 
iron-<iiHtribution.  NcrvcrthelesH,  it  may  serve  to  confirm  impressions 
gained  liy  other  methods.  l''or  example,  the  iron  content  of  the  spleen 
and  liver  in  Huch  an  U)  support  the  belief  that  these  organs  are  imijortunt 
in  the  coniMTVRtion  of  l)loo<l  pigment.  Tlu>  ferruginous  material  freed 
and  stored  during  exiM'riniental  blood  destruction  is  drawn  upon  in  the 
milMoquent  repair  (142). 
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COMMENT 

Few  generalizations  can  be  gleaned  at  the  present  time  from  the  con- 
fused multitude  of  observations  upon  blood  destruction.  But  this  much 
at  least  is  sure :  A  disintegration  of  red  corpuscles  takes  place  constantly, 
in  sickness  and  health,  and  the  body  has  often  to  meet  new  demands  and 
situations  connected  therewith.  These  are  usually  coped  with  suc- 
cessfully, in  so  far  as  concerns  the  immediate  task  of  accomplishing 
additional  destruction,  when  that  is  necessary,  or  disposing  of  the 
products  of  a  breaking-down  unprovoked  by  the  body.  But  for  such 
emergency  purposes  other  mechanisms  besides  the  normal  must  fre- 
quently be  called  upon.  It  is  the  interplay  and  substitute  activities 
of  these  reserve  mechanisms  which  make  conclusions  so  difficult  upon 
the  normal  as  well  as  the  pathological  course  of  events.  Given  the 
many  heterogeneous  phenomena  of  blood  destruction,  representing 
reactions  of  the  body  to  disease  and  to  experimental  procedures,  the 
task  of  the  investigator  is  to  determine  the  precise  elements  responsible 
for  such  physiological  combinations  and  permutations.  And  it  is  not 
as  if  the  elements  concerned  had  fixed  dimensions  or  values.  When  one 
is  excluded  from  a  role  in  the  organism,  others  assume  an  unwonted  im- 
portance and  the  net  result  is  the  same  in  all  save  details  of  execution. 

The  reader  who  has  come  thus  far  will  not  fail  to  have  noted  that  much 
of  current  theory  upon  blood  destruction  attests  to  the  theorist's  ab- 
horrence of  a  vacuum.  If  the  reviewer,  in  discussing  various  conceptions 
has  seemed  to  blow  both  hot  and  cold  as  regards  them,  this  is  no 
more  than  the  facts  themselves  do.  And  yet  the  profusion  and  diversity 
of  these  facts  already  gained  is  such  that  they  will  surely  suffice  to 
embody  and  extra-illustrate  many  times  over  the  complex  principles 
regulating  the  fate  of  the  red  cell,- — once  these  principles  stand  clear. 

Nole  on  the  bibliography.  Much  of  the  literature  on  blood  destruction  is  shut 
away  behind  titles  and  within  subjects  that  a  reviewer  will  naturally  pass  by. 
In  that  here  cited  less  regard  has  been  had  for  priority,  and  perhaps  even  for 
significance,  than  for  aptness  in  illustration,  and  usefulness  to  the  enquirer.  A 
selection,  and  in  the  nature  of  the  case  a  relatively  small  selection,  has  been  made 
from  the  great  mass  of  titles. 
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THE  ETIOLOGY  OF  RICKETS 
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Department  of  Pediatrics,  Yale  University  School  of  Medicine 

"The  historj'  of  rickets  is  that  it  has  been  enriched  bj-  a  wealth  of 
new  hypotheses  but  few  new  facts. "^  This  statement  made  in  1908 
is  no  longer  true  since  in  the  past  four  years  facts  of  the  greatest  value 
have  been  discovered. 

In  1650  Glisson  (2)  established  rickets  as  a  clinical  entity,  which 
received  j^et  sharper  definition,  in  the  latter  part  of  the  last  century, 
as  cretinism,  chondrodystrophy,  osteogenesis  imperfecta  and  scurvy 
were  disentwined  from  the  supporting  stem  through  the  work  of  Vir- 
chow,  Parrot,  Porak,  Kirchberg,  Marchand,  Stelling,  Kaufmann, 
Barlow  and  others.  In  1885  Pommer  (3)  established  on  a  firm  founda- 
tion for  all  time  the  pathology  of  rickets  through  magnificent  histologi- 
cal studies  which  were  corroborated  and  extended  by  v.  Recklinghausen 
(4),  Schmidt  (5)  and  Schmorl  (6).  The  past  four  years  have  been 
marked  by  inroads  into  the  etiology  of  rickets,  and  the  past  two  years 
by  the  beginnings  of  an  insight  into  the  disturbance  of  the  salt  metab- 
olism which  constitutes  the  disease. 

Rickets  is  a  disturbance  in  the  metabolism  of  the  growing  organism 
of  such  nature  that  the  salt  equilibrium,  in  particular  as  regards  the 
calcium  and  phosphorus,  in  the  circulating  fluids  is  disturbed,  and  lime 
salts  no  longer  deposit  in  the  bones.  Lime  salts  may  not  deposit  because 
the  ionized  calcium  in  the  blood  is  low,  or  because  the  ionized  phos- 
phate is  low,  or  lx?cause  both  are  low.  When,  however,  the  calcium 
in  the  bloml  is  low,  the  formation  of  new  bone  and  the  destruction  of 
old  calcified  bone  (umbau)  is  greatly  accelerated,  and  the  pathological 
process  takes  on  a  distinctive  character.  But  no  fundamental  dilTer- 
enccfl  exist  In'tween  the  low  calcium  and  the  low  pliospliorus  forms 
of  the  diseaw.  Increasing  knowledge  concerning  rickets  has  nuide  it 
necessary  to  broaden  the  view  in  regard  to  the  characteristic!  pathology 
and  admit  to  i\u'.  diKease  all  disturbuuces  in  metabolisiu  in  whi(!h 
lime  salts  ceas<!  to  lx»  deposited  in  the  bones  and  cartilage.    The  first 

'  Quotation  from  Albu  and  Nouberg  cited  by  Findlay,  Paton  and  Sharpe  (1). 
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detectable  signs  of  rickets  are  probablj^  a  diminution  of  the  inorganic 
phosphorus  or  calcium  of  the  blood. 

The  occurrence  of  rickets:  The  geographical  distribution.  For 
a  complete  presentation  of  this  subject  the  reader  is  referred  to  the 
splendid  article  by  Palm  (7)  and  to  the  recent  book  of  Dick  (8),  and  to 
the  historical  sketch  by  Findlay  (9)  and  to  the  book  by  Dick  for  the 
evidence  concerning  the  existence  and  distribution  of  rickets  in  ancient 
times.  Here  one  should  mention  a  few  facts.  Rickets  occurs  chiefly 
in  Europe  and  North  America.  It  is  a  disease  found  in  cities.  It 
is  most  prevalent  in  those  nations  whose  wealth  and  industrial  devel- 
opment have  brought  about  most  fully  the  substitution  of  artificial 
conditions  of  living  in  place  of  the  simple  conditions  which  nature 
intended.  Wherever  civilization  of  this  artificial  character  establishes 
new  contacts,  rickets  begins  to  appear.  The  disease  has  appeared 
in  India  where  the  designs  of  nature  have  been  interfered  with  by 
religious  customs  to  be  mentioned  later.  The  disease  never  occurs 
among  peoples  living  under  natural  conditions.  Savages  may  starve 
and  may  become  the  victims  of  pestilence,  but  they  do  not  develop 
rickets.  The  disease  does  not  occur  in  the  native  parts  of  Africa  and 
is  exceedingly  rare  in  China  and  Japan.  It  occurs  rarely  in  the  tropics, 
and  is  rare  in  the  Arctic  regions. 

The  ^prevalence  amang  aniynals.  Jost  and  Koch  (10)  state  that  rickets 
is  a  common  disease  among  pigs,  puppies,  lambs  and  kids,  but  less 
common  among  colts,  calves  and  rabbits.  It  manifests  itself  with 
comparative  frequency  among  carnivorous  animals  and  also  among^ 
monkeys  in  captivity.  The  striking  facts  concerning  the  occurrence 
of  rickets  among  animals  are  as  follows:  The  disease  appears  only 
among  those  animals  which  man  has  been  able  to  make  captives  or 
slaves  and  upon  which  he  has  been  able  to  impose  successfully  such 
artificial  conditions  of  environment  and  diet  as  he  has  developed 
for  himself  in  his  struggle  for  existence.  The  disease  never  develops 
among  animals  living  apart  from  man  and  probably  cannot  develop 
in  animals  or  in  man  in  the  wild  state.  Hansemann  (11)  points  out  that 
the  cat,  in  contrast  to  the  dog,  never  develops  rickets.  He  gives  as  his 
reason  the  fact  that  the  cat,  though  tamed,  can  never  be  made  to  re- 
linquish the  habits  natural  to  the  species.  Apparently  rickets  develops 
frequently  in  the  monkey  when  he  is  in  the  zoological  garden,  but 
never  when  he  is  at  liberty.  Rickets  can  be  produced  in  the  domesti- 
cated rat  but  only  by  unusual  means.  It  is  probable  that  the  rat  is 
not  readily  susceptible  to  the  development  of  rickets. 
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The  frequency  of  occurrence.  Inasmuch  as  rickets  can  be  determined 
bj'  clinical  means  in  only  a  fraction  of  the  cases,  it  is  impossible  to 
obtain  exact  information  concerning  its  frequency  of  occurrence.  One 
can  say  that  rickets  is  so  common  in  the  large  cities  of  America  and 
Europe  that  few  children  among  the  poorer  classes  are  untouched  by 
it.  Data  bearing  on  this  subject  will  be  found  in  the  section  devoted 
to  the  seasonal  variation  in  rickets. 

The  occurrence  in  utero.  For  a  complete  discussion  of  the  controversy 
concerning  this  question,  the  reader  is  referred  to  Wieland  (12).  The 
most  violent  advocate  of  the  congenital  origin  of  rickets  in  recent  times 
has  been  Kassowitz  (13).  He  believed  that  rickets  had  a  fetal  origin  in 
a  large  percentage  of  cases.  The  clinical  evidence  consisted  in  soft  areas 
in  the  bones  of  the  head,  enlargement  of  the  fontanellcs  and  of  the 
lines  of  suture,  prominence  of  the  bosses,  enlargement  of  the  costo- 
chondral  junctions,  and  protuberance  of  the  abdomen.  The  anatomical 
evidence  need  not  be  recited,  for  Kassowitz's  understanding  of  the 
pathological  changes  and  processes  in  rickets  was  such  as  to  lead  him 
to  confuse  the  normal  condition  with  the  rachitic,  and  to  make  him 
unable  to  separate  rickets  from  sj'philis. 

The  l^est  evidence  against  congenital  rickets  has  been  brought  for- 
ward by  Schmorl  (6)  who  investigated  the  ribs  and  long  bones  of  the 
oxtrcmities  of  more  than  100  infants  born  cither  at  term  or  prematurely, 
without  once  finding  evidences  of  the  disease.  Pommer  (3),  Lentz 
(14),  Tschistowitsch  (15)  and  Wieland  (12)  have  shown  conclusively 
that  the  spots  of  defective  ossification  in  the  skull  in  new-born  infants 
have  no  connection  with  rickets. 

The  only  way  in  wliich  proof  of  the  existence  of  congenital  rickets 
can  Ix;  obtained  is  l)j'  histological  examination  of  the  bones.  Whatever 
reliable  evidence  comes  from  that  source  indicates  that  rickets  does 
not  occur  in  utero.  Until  furth<»r  studies  of  the  bones  of  new-born 
children  are  made,  it  is  pr()bal)ly  unsafe  to  conclude  that  rickets  can 
never  develop  in  intra-uterine  life.  One  may  be  certain,  however, 
that  if  rickctK  ever  occurs  in  intra-uterine  life  it  does  so  rarely,  and  it 
never  oxceedH  the  slightest  degree  of  development. 

The  enrlunt  n{ic  at  which  richis  occurs.  It  is  commonly  (uught  that 
rickot«  fifHt  Ix'ginH  alwmt  the  third  or  fourth  month,  l)ecause  the  first 
(;linicttl  Hijcnnof  tlie  diwiwe,  head  sweating  and  craniotabes,  make  their  ap- 
IM'firancn  alnnit  then.  When,  however,  clinical  evidencies  of  the  disc'ase 
exiKt,  the  puthological  clianges  in  the  bones  have  l)ec()me  fairly  advanced, 
and  the  (llHturbanco  in  metalK)liKm  which  gives  rise  to  them  must  have 
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been  in  existence  for  some  time.  Anatomical  studies  of  large  numbers 
of  children,  from  the  time  of  birth  to  four  years  of  age,  have  been  made 
by  Schmorl  (6)  with  a  view  to  determining  the  age  incidence  of  rickets. 
The  earliest  age  at  which  Schmorl  was  able  to  find  evidence  of  the  dis- 
ease was  one  and  one-half  months.  .  In  this  clinic,  however.  Dr.  Ethel 
Dunham^  has  discovered  well-advanced  rickets  in  a  prematurely  born 
infant  aged  only  one  month.  Both  Yllpo  (16)  and  Hamilton  (17) 
have  commented  on  the  fact  that  rickets  makes  its  appearance  earlier 
in  prematurely  born  infants  than  in  those  born  at  term. 

If  rickets  can  become  sufficiently  advanced  to  manifest  itself  at  the 
age  of  one  month  in  lesions  which  are  easily  demonstrable  by  the  x-ray 
at  the  ends  of  the  long  bones  of  the  extremities,  it  is  clear  that  the 
disease  commenced  immediately  after  birth.  Doubtless  rickets  ac- 
tually begins  in  the  case  of  many  children  immediately  after  birth. 
Indeed,  such  cases  as  the  one  discovered  by  Doctor  Dunham  make  one 
hesitate  to  think  that  rickets  cannot  begin  in  intra-uterine  life. 

The  frequency  in  prematurely-horn  infants.  Both  rickets  and  tetany 
are  exceedingly  prevalent  in  infants  born  before  term.  According  to 
Rosenstern  (18),  76  per  cent  of  all  premature  infants  exhibit  evidences 
of  tetany.  The  statistics  of  Yllpo  (16)  indicate  that  35  per  cent  of 
premature  infants  have  tetany.  As  is  obvious,  no  one  can  say  how 
frequently  rickets  occiu's  in  infants  whether  prematurely  born  or  at 
term.  It  is  certain,  however,  that  the  great  majority  of  premature 
infants,  in  the  countries  in  which  rickets  is  common,  develop  the  dis- 
ease whether  suckled  or  fed  artificially. 

It  is  interesting  that  both  tetany  and  rickets  are  apt  to  manifest 
themselves  differently  in  premature  infants  than  in  those  born  at  term. 
The  tetany  appears  early,  is  apt  to  be  latent  and  becomes  manifest 
only  in  the  presence  of  infection.  It  tends  to  disappear  naturally 
about  the  sixth  month  if  breast  milk  feeding  is  continued.  The  rickets 
shows  itself  early,  as  has  already  been  pointed  out,  and  is  characterized 
by  deformities  of  the  head  which  are  out  of  proportion  to  those  of  the 
extremities,  a  fact  of  general  knowledge  emphasized  recently  by  Hut- 
chison (19)  and  Yllpo  (16). 

The  seasonal  variation.  The  observation  that  there  is  a  seasonal 
variation  in  the  incidence  of  rickets  and  tetany  was  made  years  ago 
and  has  been  remade  many  times  since. 

In  1884  Kassowitz  (20)  commented  at  length  on  the  rise  in  the  curves 
of  incidence  of  rickets  and  tetany  during  the  winter  months  and  their 

'  The  report  of  this  case  is  to  be  published. 
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decline  during  the  summer  and  autumn,  and  he  used  the  parallelism 
between  them  as  an  argument  for  the  unity  of  tetany  and  rickets. 

The  seasonal  variation  in  rickets  was  beautifully  demonstrated  in 
the  pathological  studies  of  Schmorl  (6).  These  studies  showed  that 
rickets  may  begin  at  any  time,  but  the  highest  percentage  of  early 
manifestations  of  the  disease  is  between  November  and  May.  The 
percentage  of  cases  with  signs  of  healing  increased  as  the  summer 
progressed  and  reached  its  highest  point  in  the  autumn,  only  to  fall 
again  as  the  winter  months  came. 

Hansemann  (11)  noted  that  almost  all  children  who  are  born  in  the 
fall  and  die  in  the  spring  show  marked  manifestations  of  rickets,  in 
contrast  to  the  children  born  in  the  spring  and  dying  in  the  fall  who 
are  almost  free  from  rickets. 

In  this  country  Hess  (21)  has  emphasized  the  unportance  of  the 
seasonal  variation  in  rickets,  and  recently  Lundagen  and  he 
(22)  have  reported  a  seasonal  variation  in  the  level  of  the  in- 
organic phosphate  of  the  blood  (270  determinations;  the  number 
of  children  investigated  not  stated).  The  average  figures  for  the 
inorganic  phosphate  of  the  blood  serum  were:  June  and  July,  1921, 
4.35  mgm.  j^er  cent;  December,  3.92  mgm.;  January,  1922,  3.9  mgm.; 
Februar>',  3.76  mgm.;  March,  3.58  mgm.;  April,  3.68  mgm.;  May,  3.98 
mgm.  The  authors  conclude  that  there  is  a  seasonal  variation  in  the 
level  of  the  inorganic  phosphate  of  the  blood  of  the  normal  infant  which 
corresponds  to  and  is  determined  by  the  seasonal  variation  in  the 
richness  of  the  solar  spectrum  in  ultra-violet  rays.  Of  course,  in  order 
to  be  sure  that  a  seasonal  variation  in  the  blood  phosphate  is  a  normal 
phenomenon  in  the  infant,  it  would  be  necessary  to  examine  repeatedly 
during  a  year  great  niunbers  of  infants  and  chihhen  living  at  witlely  sep- 
arated places  and  untk'r  the  most  varied  conditions.  Unfortimatcly, 
in  the  paper  by  Hess  and  Lundagen  data  on  this  point  are  lacking. 
It  HceniH  most  improljal)le,  however,  that  slight  seasonal  dilTorenccs 
in  the  level  of  the  inorganic  phosphate  of  the  blood  found  by  lless  and 
Lundagen  an;  to  1)0  interpreted  as  meaning  that  a  ** seasonal  tide  of 
the  bUK)d  phosphate"  is  a  physiological  phenomenon;  but  rather  that 
at  the  time  of  the  year  when  the  incidence  of  rickets  is  highest  the  disease 
in  its  mildest  fonn  in  almost  universal  under  tlu*  conditions  of  hygiene 
and  diet  whirh  surround  infants  in  cities,  in  particular  those  living  in 
iiistitutionH.  The;  infants  studied  by  Hess  and  Lmidagen  were  probably 
living  under  conditions  conunonly  accepted  as  normal  for  the  infant  but 
were  not  those  which  nature  intended.    Wo  know  already,  fioin  the 
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work  of  Schmorl  and  others,  how  extraordinarily  widespread  rickets  is 
among  the  infants  and  chikiren  of  cities.  Schmorl  (6)  found  that  90  per 
cent  of  the  children  in  Dresden  under  four  years  of  age  who  died  between 
the  years  1901  and  1908  and  more  than  96  per  cent  of  the  infants 
showed  evidences  of  rickets,  and  Hess  (23)  himself  has  reported  that 
rickets  was  exceedingly  prevalent  among  the  children  in  the  Hebrew 
Infant  Asylum  in  New  York  City,  where  presumably  the  chemical 
investigations  of  the  blood  were  made.  The  investigations  of  Hess 
and  Lundagen,  then,  are  probably  to  be  regarded  as  further  corrobora- 
tions of  the  seasonal  variation  of  rickets  and  of  the  universality  of 
rickets  among  infants  and  children  living  under  the  conditions  which 
prevail  in  our  large  cities. 

The  association  ivith  other  diseases.  Rickets  frequently  accompanies 
infantile  scurvy;  indeed,  it  is  exceedingly  uncommon  to  find  scurvy 
uncomplicated  by  rickets.  The  association  of  rickets  and  tetany  is 
also  exceedingly  close.  A  very  large  proportion  of  children  with  rickets 
show  also  tetany,  as  has  been  pointed  out  by  Kassowitz  (20)  and  many 
others,  and  recently  by  Ferguson  (24). 

Theories  concerning  the  cause  of  rickets:  Several  hypotheses 
that  need  only  be  mentioned.  Glisson  (2)  believed  that  rickets  was  the 
result  of  over-eating  (over-nutrition)  (8)  and  recently  Jundell  (25)  has 
revived  this  idea.  Heitzmann  (26)  proposed  that  the  disease  was 
caused  by  an  acidosis  which  brought  about  a  decalcification  of  the 
bones,  a  hypothesis  which  has  been  advanced  recently  by  Klose  and 
Vogt  (27)  in  explanation  of  the  rickets  which  their  thj'mectomized  dogs 
developed  and  which  has  been  advocated  also  by  Pritchard  (28). 
Several  French  clinicians  (29)  have  held  that  rickets  is  a  manifestation 
of  congenital  syphilis  or  have  attributed  it  to  auto-intoxication.  The 
theories  that  rickets  is  the  result  of  infection  or  is  inherited  or  is  due 
to  the  disturbance  in  the  functions  of  the  organs  of  internal  secretion, 
will  be  considered  in  that  portion  of  the  paper  which  immediately 
follows.  The  two  most  important  theories,  namely,  that  rickets  is 
due  to  deprivation  of  light  or  is  caused  by  defective  diets,  will  be  dis- 
cussed at  length  in  the  remainder  of  the  paper. 

7s  rickets  inherited?  Siegert  (30)  is  the  exponent  of  the  theory  of  inher- 
itance. He  made  statistical  studies  of  thirt\^-one  families  in  which  the 
children  were  breast-fed  but  had  rickets,  and  of  fourteen  families  in  which 
the  children  were  breast-fed  but  were  free  from  rickets.  In  twenty-nine 
of  the  families  of  the  first  group  he  found  that  the  mother  either  had 
deformities  of  rickets  or  gave  a  history  of  rickets,  and  in  the  remaining 
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two  families  he  discovered  evidence  which  made  the  previous  existence 
of  rickets  in  the  mother  probable.  In  the  second  group,  in  which  the 
children  were  free  from  the  disease,  the  parents  also  were  free.  When 
he  investigated  families  in  which  the  rachitic  children  were  artificially 
fed,  the  incidence  of  rickets  in  the  parents  was  not  so  striking.  In 
the  main,  however,  Siegert  found  that  one  or  both  parents  had  been 
sufferers  from  rickets  if  the  children  had  the  disease.  Siegert  concluded 
that  heredity  is  the  most  important  factor  in  the  etiology  of  rickets 
and  that  the  disease  is  most  commonly  transmitted  through  the  mother, 
though  he  brought  forward  some  evidence  to  indicate  that  it  might  be 
transmitted  through  the  father.  If  both  parents  were  rachitic,  he 
thought  rickets  in  the  offspring  was  inevitable.  Siegert  was  greatly 
puzzled  on  finding  some  children  in  the  rachitic  famiUcs  who  had  escaped 
the  disease.  It  is  an  amusing  sidelight  on  the  subconscious  workings 
of  the  mind  of  an  investigator  over-intent  on  his  theory,  that  Siegert 
should  have  thought  such  children  were  probably  illegitimate.  The 
family  history  of  rickets  might  be  taken  as  supporting  the  theory  that 
heredity  bears  a  part  in  its  cause.  It  might  also  be  taken  as  evidence 
that  rickets  is  of  the  nature  of  an  infection,  or  it  may  simply  moan  that 
the  habits  and  ways  of  living  of  one  generation  have  been  continued 
in  the  next.  Inasmuch  as  rickets  consists  in  a  disturbance  of  metab- 
olism, however,  a  predisposition  may  be  inherited.  Pigmented  skins 
apparently  increase  the  susceptibility  to  rickets,  (31)  and  a  predisposi- 
tion in  that  sense  may  be  inherited.  The  disease,  however,  cannot  be 
inherited  through  the  germ  plasm. 

Is  rickets  the  result  of  a  disturbance-  in  the  function  of  the  organs  of 
internal  secretion?  Rickets  has  been  ascribed  to  disturbances  in  the 
function  of  the  thyroid,  parathyroid,  thymus  and  aihonal  glands,  and 
the  carotid  bodies.  Lanz  (32)  suggested  the  use  of  the  thyroid  gland 
in  rickets,  but  Knoepfelmacher  (33)  and  Heubner  (34)  tried  it  without 
HUcccHH.  Stoeltzner  (35)  announced  favorable  results  from  the  use  of 
the  adrenal  gland,  but  otlusr  invcstigatt)rs  were  unable  to  corroborate 
hJH  findingH,  and  finally  even  Stoeltzner  is  said  to  have  abandoned  the 
idea  i'.iO).  A  large  number  of  investigators  have  report(>(l  that  the  re- 
inovul  of  tlie  thymus  caiLsed  rickets.  Chief  among  them  may  be  mcn- 
tlonctl  V.  Basch  (30),  Klose  and  Vogt  (27)  and  Matti  (37).  Their 
work  h&H  l)oen  challenged  and  overturned,  however,  by  Nordmann 
(38),  Pappcnheiiner  (39),  Kenton  and  Jtolu'rt.son  (10)  and  McC^lure  and 
the  writer  (41)  of  this  pai)er.  Erdheim  (42)  has  reported  that  rickets 
follows  removal  of  the  parathyroid  glands.     lioth  ]'>dheim  (42)  and 
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Pappenheimer  (43)  have  found  the  parathyroid  gland  to  be  hypertro- 
phied  in  rickets.  It  is  probable,  however,  but  not  certain  that  the 
function  of  the  parathyroid  glands  has  no  causative  relationship  to 
the  development  of  rickets.  The  reductio  ad  absurdum  of  the  theories 
of  interrelationship  between  the  function  of  the  organs  of  internal 
secretion  and  the  development  of  rickets  is  to  be  found  in  the  work  of 
Betke  (44).  This  investigator  reported  that  removal  of  the  carotid 
bodies  was  followed  by  the  development  of  rickets  and  the  same  elabo- 
rate train  of  symptoms  which  Klosc  and  Vogt  described  after  removal 
of  the  thymus. 

While  it  is  conceivable  that  the  vitamines  or  radiant  energy  are 
connected  in  some  way  with  the  functioning  power  of  the  organs  of 
internal  secretion,  it  seems  most  probable  that  the  rickets  which  de- 
veloped in  animals  after  removal  of  the  organs  of  internal  secretion 
was  due  to  other  causes.  Pappenheimer  encountered  rickets  both  in 
his  thymectomized  rats  and  in  his  control  rats.  Similar  experiences 
are  not  at  all  uncommon  in  the  case  of  animals  in  laboratories. 

7s  rickets  a  result  of  infection?  lovane  and  Forte  (45)  and  Moussu 
(46)  advocated  the  infectious  origin  of  rickets.  Their  experiments, 
however,  had  little  value. 

Morpurgo  (47)  in  1898  noted  the  spontaneous  appearance  of  a  disease 
resembling  rickets  and  osteomalacia  in  a  colony  of  white  rats  of  stock 
which  had  been  in  the  laboratory  for  seven  years.  He  obtained  a 
diplococcus  from  the  infected  animals,  inoculated  other  animals  with 
it,  and  found  that  they  developed  the  disease.  Morpurgo  supplies 
no  information  concerning  the  food  which  the  rats  received.  The 
organism  was  not  recovered  from  any  of  the  inoculated  rats. 

Koch  (48)  also  reported  the  production  of  rickets  by  means  of  inocu- 
lation with  bacteria,  Altogether  Koch  inoculated  seventy  dogs,  and 
had  more  than  one  hundred  control  dogs.  After  preliminary  experi- 
ments he  chose  the  streptococcus  longus  as  the  organism  most  likely 
to  produce  rickets.  During  the  first  three  or  four  days  the  dogs  de- 
veloped swollen  joints  and  showed  symptoms  which  were  evidently 
the  result  of  infection.  In  typical  instances  a  period  then  followed 
during  which  the  animals  seemed  well.  Before  long,  however,  rachitic 
deformities  appeared  and  reached  an  advanced  development.  The 
dogs  were  kept  in  horse  stalls  and  were  fed  milk,  semmel,  meat  and 
potatoes,  with  the  addition  of  salt.  Koch  states  that  three  of  thirty 
control  dogs  also  developed  rickets.  Koch  interpreted  his  experiments 
as  meaning  that  rickets  is  produced  by  an  organism  having  a  special 
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affinity  for  the  skeleton.  The  arthritis  and  constitutional  s\Tnptoms 
marked  the  invasion  of  the  skeleton,  and  represented  the  acute  stage 
of  the  disease ;  the  rachitic  deformities  were  the  results  of  the  inflamma- 
tion  after  it  had  become  chronic. 

Years  ago  Edlefsen  (49)  favored  the  infectious  origin  of  rickets  as 
the  result  of  observations  on  children.  He  thought  the  enlargement 
of  the  spleen  in  rickets  significant  and  regarded  fever  as  an  early  mani- 
festation. The  recurrence  of  rickets  in  certain  houses  suggested  that 
the  houses  harbored  some  infectious  agent. 

A  careful  search  of  the  literature  would  bring  to  light  the  names 
of  many  exponents  of  the  infectious  origin  of  rickets.  Clinical  ex- 
perience and  investigation,  however,  have  made  clear  that  infection 
cannot  possibly  be  more  than  a  contributory  factor. 

The   EXPERIMENTAL   PRODUCTION   OF   RICKETS^   IN   ANIMALS   AND   THE 

KNOWLEDGE  DERIVED  THEREFROM.  Sixteen  years  ago  Hopkins  (50) 
wrote:  "But,  further,  no  animal  can  live  upon  a  mixture  of  pure  pro- 
tein, fat,  and  carbohydrate,  and  even  when  the  necessary  inorganic 
material  is  carefully  supplied  the  animal  still  cannot  flourish.  The 
animal  body  is  adjusted  to  live  either  upon  plant  tissues  or  the  tissues 
of  other  animals,  and  these  contain  countless  substances  other  than 
the  proteins,  carlK)hydrates,  and  fats.  Physiological  evolution,  I 
believe,  has  made  some  of  these  well-nigh  as  essential  as  are  the  l>asal 
constituents  of  diet.  Lecithin,  for  instance,  has  been  repeatedly  shown 
to  have  a  marked  influence  upon  nutrition,  and  this  just  happens  to 
l)C  something  already  familiar,  and  a  substance  that  happens  to  have 
been  tried.  The  field  is  almost  unexplored ;  only  is  it  certain  that  there 
are  many  minor  factors  in  all  diets,  of  which  the  body  takes  account. 
In  diseaACB  such  as  rickets,  and  particularly  in  scurvy,  wo  have  had  for 
long  years  knowledge  of  a  dietetic  factor;  but  though  we  know  how  to 
l)cnefit  these  conditions  empirically,  the  real  errors  in  the  diet  are  to 
this  day  quite  obscure"  (p.  395).  In  the  book  entitled  "Die  Vitamine" 
by  Funk  (51),  published  in  1914,  the  following  sentence  appears:  "It 
is  very  probable  that  rickets  occurs  only  when  certain  substances  in 
the  diet  essential  for  normal  metabolism  arc  lacking  or  supplied  in 

*  Voit,  I)ii>l>olt,  Aron  and  Sebaucr,  and  Stolznor  and  Miwa  have  attempted  to 
produce  rickrtH  in  tiniinalM  through  the  adminiHtriitioii  of  dictH  doTiciont  in  chI- 
cium.  Thnir  oxiM^rirnontN  took  place  before  tho  import iincn  of  iin  oxnct  undcr- 
Mtanding  of  the  compoMition  of  tho  diet  wom  approciuti'd,  nnd  before  tlio  pathology 
of  rieketii  had  t>ccomu  gcnornlly  undemtood.  Although  their  work  contnina  much 
information  of  great  valiio,  no  proHcntatiun  of  it  will  Ix*  uuuU:  in  thiH  papor. 
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insufficient  amount.  The  substances  occur  in  good  breast-milk, 
also  in  cod  liver  oil,  but  are  lacking  in  sterilized  milk  and  in  cereals" 
(p.  127).  Funk  had  reference  to  the  so-called  "vitamines."  When, 
accordingly,  Mellanby  (52)  made  the  announcement  in  1918  of  the 
successful  production  of  rickets  by  means  of  a  diet  lacking  in  "an 
accessory  factor,"  medical  opinion  was  in  a  measure  prepared.  The 
report  of  his  first  experiments  was  meagre  and  would  probably  have 
awakened  little  interest,  had  not  the  British  Medical  Research  Com- 
mittee endorsed  the  work  and  publicly  coimnitted  itself  to  the  view 
that  rickets  is  a  deficiency  disease  due  to  a  lack  in  the  diet  of  an  "anti- 
rachitic factor"   (53). 

Although  the  experiments  of  Findlay  (54)  preceded  those  of  Mellanby 
by  ten  years,  it  was  the  work  of  Mellanby  which  gave  to  the  investi- 
gation of  rickets  its  impetus.  For  this  reason  and  also  because  the 
more  recent  experiments  of  Findlay,  Paton  and  their  co-workers  seem 
to  have  been  designed  to  attack  the  dietetic  theory  Of  rickets,  the  ex- 
periments of  Mellanby  will  be  described  before  those  of  the  Glasgow 
School. 

The  experiments  of  Mellanby.  Mellanby's  experiments  (55)  were 
performed  entirely  on  puppies  and  reached  a  total  of  almost  four 
hundred.  The  animals  were  about  two  months  old  when  the  experi- 
ments were  begun,  and  were  kept  on  the  test  diets  for  a  number  of  weeks 
or  months  until  rickets  had  developed  or  had  failed  to  develop.  The 
diet  used  by  Mellanby  as  a  standard  for  the  production  of  rickets  in 
the  puppies  underwent  a  natural  evolution  as  may  be  seen  from  the 
following  table: 

Rachitic  diets 


DIET  I 

DIET  11 

DI£TIII 

DIET  IV 

Whole  milk,  175  cc. 

Whole  milk,  175  cc. 

Separated  milk. 

Separated  milk. 

175  cc. 

250-350  cc. 

Oatmeal,  rice. 

Bread  ad  lib. 

Bread  (70  per  cent 

Bread  (70  per  cent 

wheaten)  ad  lib. 

wheaten)  ad  lib. 

1-2  gm.  NaCl. 

Linseed  oil,  10  cc. 

Linseed  oil, 5-15  cc. 

Yeast,  10  gm. 

Yeast,  5-10  gm. 

NaCl,  1-2  gm. 

Orange  juice,  3  cc. 
NaCl,  1-2  gm. 

The  principle  on  which  Mellanby  proceeded  was  as  follows:  Having 
established  a  standard  diet  which  regularly  produced  rickets  in  the 
puppy,  he  introduced  into  it  in  turn  food  substances  whose  influence 


116  EDWARDS   A.    PARK 

for  or  against  rickets  he  desired  to  determine.  For  example,  in  ex- 
periment 282  he  substituted  10  grams  of  lard  for  the  Hnseed  oil.  The 
development  of  rickets  in  the  puppy  was  uninfluenced.  ISIellanby  was 
then  able  to  infer  that  lard  contained  no  substance  of  an  anti-rachitic 
nature.  The  great  majority  of  Mellanby's  dogs  were  confined  indoors. 
In  a  few  experiments,  however,  in  particular  in  some  of  those  in  which 
the  influence  of  confinement  on  the  development  of  rickets  was  under 
investigation,  the  animals  were  either  confined  out-of-doors  or  allowed 
a  run  in  an  enclosure.  One  assiunes  that  the  majority  of  his  dogs  lived 
in  roomlight  (daylight  filtered  through  ordinary  window  glass).  There 
is  every  reason  to  suppose  that  his  animals  received  excellent  care. 
The  dogs  under  observation  seem  to  have  been  abundantly  controlled, 
a  point  of  great  importance,  though  the  control  animals  were  not  from 
the  same  litters. 

The  criteria  which  Mellanby  used  to  determine  whether  a  puppy  had 
or  had  not  rickets  were:  a,  the  appearance;  h,  the  x-ray  findings;  c, 
the  determination  of  the  calcium  oxide  in  the  bones;  andrf,  histological 
study  of  the  bones.  The  reader  gains  the  impression  that  IVIollanby 
himself  had  no  special  knowledge  of  the  histological  changes  char- 
acteristic of  rickets,  and  that  he  depended  largely  on  x-ray  examination 
and  on  the  determination  of  calcium  oxide. 

Some  very  interesting  results  of  Mellanby's  experiments  are  the 
following:  Among  the  oils,  cod  liver  oil  was  foimd  to  stand  alone  in 
its  anti-rachitic  potency;  suet  and  butter  fat  exerted  a  strong  influence 
on  calcification,  while  lard  had  no  anti-rachitic  effect;  of  the  vegetable 
oils,  peanut  oil  stood  first,  then  cocoanut  oil;  rapeseed,  cottonseed, 
palm  kernel,  olive  and  lin.seed  oils  produced  little  or  no  effect;  bal)assu 
oil  was  the  "worst;"  cod  liver  oil  was  found  to  be  superior  to  butter 
fat  and  invariably  prevented  rickets;  butter  fat  did  not  always  prevent 
rickets.  Mellanby  (55)  reacheil  the  very  interesting  conclusion  that 
"butter  is  a  more  potent  anti-rachitic  agent  when  it  has  abundance  of 
calcium  saltH,  as  found  in  milk,  with  which  to  work.  It  is  but  natural 
that  the  anti-rachitic  vitamine  of  butter,  which  certainly  has  a  strong 
influence  on  the  deposition  of  calcium  phosphate  in  bone,  should  also 
have  a  sufficiency  of  calcium  salts  in  the  (li(>t  ix'fore  it  can  work  elTec- 
tively"  (p.  53). 

Mellanby  fx^rformed  a  most  interesting  exix'rinient  which  has  since 
been  repeated  with  much  greater  success  by  McCollum,  Siinmonds, 
Becker  and  Shipley  (5(1).  Hopkins  (57)  had  shown  that  when  tlie  tem- 
perature of  butter  fat  or  cod  liver  oil  is  maintained  at  120°C.  for  four 
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hours  in  a  stream  of  oxygen,  fat-soluble  A  is  destroyed.  Mellanby  fed 
butter  and  cod  liver  oil,  oxidized  in  this  way  by  Hopkins  himself,  to 
puppies  on  the  standard  diet.  The  puppy  receiving  from'  5  to  10 
grams  of  oxidized  butter  was  not  protected  from  rickets,  whereas 
the  puppy  receiving  the  untreated  butter  was  protected.  In 
contrast,  the  puppy  receiving  10  cc.  of  oxidized  cod  liver  oil  was 
completely  protected  from  rickets.  If  Mellanby  had  made  certain 
that  the  oxidized  cod  liver  oil  was  devoid  of  fat-soluble  A,  he  would 
have  known  that  the  substance  in  cod  liver  oil  which  prevented 
rickets  was  not  fat-soluble  A. 

Mellanby  found  that  lean  meat  has  an  anti-rachitic  action  which 
seemed,  however,  to  be  of  a  different  order  from  that  of  the  vitamine- 
containing  fats.  Meat,  he  observed,  made  the  puppies  eat  better  and, 
under  favorable  experimefttal  conditions,  prevented  or  limited  the 
extent  of  the  rickets;  under  unfavorable  conditions  it  did  not  prevent 
the  development  of  rickets.  Bread  seemed  to  favor  the  development 
of  rickets.  The  more  bread  eaten,  the  more  marked  the  rickets. 
Casein  retaining  its  calcium  (alkaline  casein)  prevented  the  develop- 
ment of  rickets;  casein  from  which  the  calcium  had  been  removed  by 
treatment  with  hydrochloric  acid  (acid  casein)  seemed  to  intensify 
the  rickets-producing  power  of  the  diet.  The  feeding  of  thj^roid  gland 
did  not  inhibit  the  development  of  rickets.  Some  animals,  in  particu- 
lar those  receiving  the  purified  casein,  showed  signs  of  tetany. 

Some  of  Mellanby's  general  observations  are  interesting.  If  the 
diet  was  well  constituted,  a  small  amount  of  the  "anti-rachitic  vitamine" 
appeared  to  suffice;  if  badly  constituted,  in  a  rachitic  sense,  a  large 
amount  was  necessary.  The  older  the  animal,  the  more  difficult  the 
production  of  rickets  and  the  more  independent  of  the  "anti-rachitic 
vitamine"  the  animal  seemed  to  be.  Mellanby  observed  that  "osteo- 
porosis" in  dogs  may  give  rise  to  deformities  identical  with  those  of 
rickets.  The  addition  of  tricalcium  phosphate  to  the  standard  diet 
did  not  prevent  rickets. 

The  view  of  Mellanby  concerning  the  causation  of  rickets  was  broad. 
Though  holding  rickets  to  be  a  deficiency  disease  due  to  the  absence 
of  an  "anti-rachitic  vitamine"  in  the  diet,  he  believed  that  defec- 
tive environmental  conditions  and  confinement  contributed  to  its 
development. 

The  experiments  of  Mellanby  were  open  to  obvious  criticism:  his 
diets  were  more  crude  than  those  of  some  other  investigators ;  the  salt 
composition  of  the  diets  was  not  taken  into  consideration;  good  histolog- 
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ical  studies  of  the  bones  and  chemical  examinations  of  the  blood  were 
lacking;  the  criteria  on  which  chief  reliance  was  placed  were  not  satis- 
factory'. Nevertheless,  the  experiments  of  IMellanby  constitute  pioneer 
work  and  as  such  were  splendid.  To  him  belongs  the  credit  of  estab- 
lishing the  relationship  between  the  development  of  rickets  and  the 
deficiency  in  the  diet  of  a  vitamine. 

Experiments  of  Findlay  and  the  Glasgow  school  of  investigators.  In 
1908  Findlay  (54)  published  his  well-known  experiments  on  the  pro- 
duction of  rickets  by  confinement.  Led  by  the  idea  that  rickets  was 
a  dietetic  disorder,  he  first  attempted  to  produce  it  by  feeding  diets 
composed  of  cereals  or  bread  and  water,  but  found  that  the  puppies 
became  marantic  and  did  not  develop  rickets.  Control  puppies,  how- 
ever, fed  a  diet  of  milk  and  porridge,  did  develop  rickets,  with  the  ex- 
ception of  one  animal  which,  as  it  happened,  was  exercised  daily  in 
the  open  air.  In  this  way  Findlay's  attention  became  attracted  to 
the  possibility  of  a  connection  between  rickets  and  muscular  activity. 
Findlay  renewed  his  experiments.  The  test  animals  were  kept  in 
cages  in  the  laboratory,  while  the  control  animals  were  allowed  to 
run  about  the  floor.  The  diet  was  milk  and  porridge.  Eight  confined 
puppies  developed  the  disease,  whereas  the  unconfined  puppies  re- 
mained  free.    Findlay   stated   with    great   positiveness    that   rickets 

" is  due  to  the  want  of  exercise  which  invariably  goes 

along  with  it  or  is  consequent  on  confinement"  and  concluded  with  the 
sentence:  "Alike,  then,  on  clinical  and  experimental  grounds,  I  accord- 
ingly conclude  that  confinement,  with  consequent  lack  of  exercise,  is 
the  main  factor  in  causing  the  disease." 

The  diet  used  by  Findlay  was  poor  and  similar  to  the  one  employed 
subsequently  by  McUanby  for  the  production  of  rickets  in  puppies. 
(Joed  control  experiments  amounted  only  to  five.  No  doubt  exists 
that  Findlay's  puppies  had  rickets. 

The  stir  created  by  Mellanby's  work  had  already  become  apparent, 
for  in  1918  Paton,  Findlay  and  Watson  (58)  rei)ortcd  cxixniments  which 
ijcem  to  have  been  planned  to  put  Mellanby's  theories  and  theirs  to  a 
comparative  test;  and  in  1921  Paton  and  Watson  (59)  made  an  actual 
foray  into  Mellanby'H  domain.  Space  does  not  permit  a  description 
of  these  interesting  but  rather  complicated  exiMMiinents  of  the  Cdasgow 
invcfftigators.  It  is  Huflicicnt  to  say  that  the  f'XiM'riinents  indicated: 
dogn  allowed  a  run  in  the  country  do  not  develop  rickets;  Initter  fat 
doee  not  prevent  ricketn,  but  possilby  exerts  a  slight  protective  action; 
hi(th  calorie  diets  rich  in  whole  milk  seem  to  exercise  some  protective 
influence;  confifM-ft""*  -■l-.t!--  -!...-^  »>'.i  (•.•m-^c  ricl<«'(-'. 
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Rickets  cannot  he  due  to  ''confinement  with  lack  of  muscular  exercise." 
The  idea  that  the  primary  cause  of  rickets  lies  in  the  inabiUty  of  the 
child  to  gratify  a  natural  impulse  for  exercise  is  difficult  to  accept  on  a 
priori  grounds.  Some  years  ago  Rowland  and  the  writer*  of  this  paper, 
and,  later,  Baldwin*  confined  puppies  in  small  cages  for  two  or  three 
months,  but  coukl  not  obtain  rickets  in  that  way.  Mellanby  also 
showed  clearly  that  confined  puppies  will  not  develop  rickets  if  the 
diet  is  properly  constituted.  Though  Paton  and  Watson  failed  to 
emphasize  the  fact  that  their  experiments  did  not  turn  out  in  accordance 
with  the  theory  of  confinement,  both  they  and  Findlay  must  have  been 
conscious  of  the  fact,  for  in  1921  Paton  showed  signs  of  retiring  upon 
the  hypothesis  that  rickets  is  due  to  infection  (59),  and  Findlay  has 
recently  withdrawn  to  a  new  position  where  nature  has  erected  an 
unassailable  stronghold,^ — sunlight.  In  his  most  recent  paper  on  the 
subject  of  rickets  Findlay  (60)  has  written:  ".  .  .  .  defective 
hygiene,  using  this  term  in  its  widest  sense,  is  the  most  important 
known  determining  factor  in  the  causation  of  rickets"  (p.  826). 

The  experiments  of  American  investigators.  Almost  simultaneously 
Sherman  and  Pappenheimer  and  McCoUum,  Simmonds,  Shipley  and 
the  present  writer  published  papers  reporting  the  production  of  rickets 
in  the  rat  by  means  of  diets  having  specific  defects  in  their  salt  com- 
position. 

In  January,  1921,  McCoUum,  Simmonds,  Shipley  and  the  present 
writer  (CI)  reported  that  a  number  of  different  diets  produced  abnormal 
conditions  in  the  skeleton  of  the  rat  which  corresponded  closely  to  or 
appeared  actually  to  be  identical  with  the  rickets  of  the  human  being. 
All  of  these  diets  were  known  to  be  defective  in  fat-soluble  A.  One 
was  defective  in  its  phosphorus  content,  though  the  significance  of 
this  was  not  appreciated  at  the  time;  the  others  were  defective  in  cal- 
cium. In  general  the  proteins  used  were  of  poor  quality.  The  investi- 
gators had  before  them  at  that  time  what  subsequent  investigation 
revealed  to  be  two  kinds  of  rickets,  one  characterized  by  a  calcium 
phosphorus  ratio  in  the  blood  which  was  low,  the  other  by  one  which 
was  high.  Conditions  appeared  to  be  too  complicated  to  permit  of 
any  single  explanation.  The  writers,  therefore,  stated:  "At  present 
it  is  only  possible  to  saj'  that  the  etiological  factor  is  to  be  found  in  an 
improper  dietetic  regimen.  The  large  nmnber  of  dietary  formulae,  the 
administration  of  which  results  in  rickets    and    kindred    affections, 

*  These  experiments  were  never  reported. 
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gives  abundant  evidence  of  the  complex  nature  of  the  causes  operating 
in  the  production  of  the    disease —     .     .     .     ."     (p.  340). 

In  March,  1921,  Sherman  and  Pappenheimer  (62)  published  a  most 
important  paper  which  described  the  production  of  rickets  in  the  rat 
by  means  of  a  diet  low  in  phosphorus  and  its  prevention  by  means  of 
the  addition  to  the  diet  of  alkaline  potassium  phosphate.  The  diet 
was  composed  of  patent  flour,  95  per  cent,  calcium  lactate,  3  per  cent, 
sodium  chloride,  2  per  cent,  with  or  without  the  addition  or  a  trace  of 
ferric  citrate;  this  regularly  produced  rickets  which  possessed  all  the 
characteristics  of  the  disease  in  the  human  being.  When  alkaline 
potassium  phosphate  was  added  to  the  diet  in  the  proportion  of  0.4 
per  cent,  and  an  equivalent  amount  of  calcium  lactate  was  withdrawn, 
the  animals  were  completely  protected  from  the  development  of  rickets. 
The  diet  which  Sherman  and  Pappenheimer  used  was  deficient  not  only 
in  fat-soluble  A  and  phosphate  but  in  water-soluble  B,  water-soluble  C, 
protein  and  potassium.  Accordingly,  it  was  impossible  to  be  certain 
that  the  rickets  occurred  solely  as  the  result  of  the  deficiency  in  the 
phosphorus.  In  publications  which  soon  appeared  (63),  (64),  (65), 
however,  Pappenheimer,  McCann,  Zucker  and  Hess  showed  that  the 
additions  to  the  diet  of  yeast  in  small  amounts,  orange  juice,  butter 
fat  in  moderate  amount,  and  potassium  did  not  exert  the  inhibitory 
influence. 

The  paper  of  Sherman  and  Pappenheimer  was  soon  followed  (May) 
by  the  publication  of  kindred  experiments  by  Shipley,  McCollum, 
Sinmionds  and  the  present  writer  (66).  These  investigators  reported 
the  production  of  rickets  by  means  of  two  diets.  One  was  composed  of 
rolled  oats  40  per  cent,  flaxseed  meal  8.3  per  cent,  sodium  chloride  1.0 
per  cent,  calcium  carl>onate  1.4  per  cent,  dextrin  49.2  jx^r  cent.  The 
other  was  compo.sed  of  roUetl  oats  40.0  ixn-  cent,  gelatin  10.0  per  cent, 
sodium  chloride  1.0  per  cent,  calcium  carbonate  1.5  per  cent,  and  dextrin 
47.5  per  cent.  Both  of  these  diets  were  known  to  be  deficient  only  in 
fat-Hulublc  A  and  in  phospiiorus,  and  in  other  resjwcts  were  well  con- 
Mtitut<'d.  When  a  complete  salt  mixture  was  substituted  for  the 
inorKunic  conHtituents  of  diet  280(),  so  that  the  deficiency  in  phosphorus 
wjis  removed,  the  diet  no  longer  produced  rickets,  but  typical 
osteoiK>roMis. 

The  exiM-riments  of  Sherman  and  Pappenheimer  and  McCollum, 
SiiiimondM,  Shipley  and  the  present  writer  marked  a  distinct  advance 
in  the  inveHtigatton  of  rickets  in  several  resjiects,  es|)ecially  because 
tlu'y   showi'd   tin*    iiiiiK)rtttncc   of   the   inorganic    constitulion    of   the 
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diet  in  particular  of  the  phosphorus,  in  relation  to  the  disease. 
With  the  exception  of  Mellanby,  who  had  placed  but  little  importance 
on  the  salt  composition  of  the  diets,  other  investigators  had  attempted 
to  produce  rickets  by  means  of  reduction  of  the  calcium. 

Since  the  subsequent  experiments  of  Pappenheimer  and  those  associ- 
ated with  him,  Hess,  Zucker,  McCann  and  Steiner,  and  the  experi- 
ments of  McCollum,  Simmonds,  Shipley  and  the  present  writer  showed 
a  remarkable  parallelism  and  led  to  almost  identical  conclusions,  they 
will  not  be  treated  separately. 

Cod  liver  oil  cures  rickets  and  prevents  its  development.  According  to 
Trousseau,  cod  liver  oil  has  been  used  from  time  immemorial  as  a  folk- 
remedy  on  the  coast  of  England,  Holland  and  France.  It  was  introduced 
into  France  as  a  specific  for  rickets  by  Bretonneau,  and  its  uses  became 
general  through  the  teachings  of  Trousseau.  Trousseau  himself  was 
convinced  of  its  curative  action  not  only  in  rickets  but  also  in  osteo- 
malacia and  many  physicians  have  been  certain  of  its  effectiveness  in 
rickets  solely  as  the  result  of  clinical  observation.  Schabad  (128), 
Orgler  (122)  and  Freund  (130)  have  brought  forward  indirect  evidence 
of  the  curative  action  of  cod  liver  oil  in  rickets  by  means  of  metabolism 
experiments  which  will  be  referred  to  later.  The  direct  proof  of  its 
curative  action,  however,  was  first  obtained  by  McCollum,  Simmonds, 
Shipley  and  the  present  writer  (74).  These  investigators  discovered 
early  that  cod  liver  oil  caused  remarkable  depositions  of  lime  salts  to 
form  in  the  cartilage  of  the  rachitic  rat  close  to  its  junction  with  the 
metaphysis  (the  so-called  "line  test").  Howland  and  the  present  writer 
(139)  proved  by  means  of  the  x-ray  that  the  administration  of  cod  liver 
oil  to  rachitic  children  was  followed  bj'  the  deposition  of  lime  salts  in  the 
cartilage  and  bones  after  a  period  of  fifteen  to  twenty-one  days. 

The  relationship  of  fat-soluble  A  to  the  development  of  rickets.  Diets 
deficient  in  fat-soluble  A  alone  do  not  produce  rickets.  This  fact  was 
first  clearly  proved  in  the  experiments  of  Sherman  and  Pappenheimer 
(62)  and  in  those  of  Shipley,  McCollum,  Simmonds  and  the  present 
writer  (66)  already  described.  The  group  of  investigators  last  men- 
tioned clearly  stated  that  "a  deficiency  in  fat-soluble  A  cannot  be  the  sole 
cause  of  rickets,"  (p.  165)  and  that  the  pathological  condition  induced 
by  diets  deficient  in  fat-soluble  A  alone  was  "osteoporosis."  The  subse- 
quent experiments  of  Pappenheimer  and  the  investigators  associated  with 
him  (67)  and  of  McCollum,  Simmonds,  Shipley  and  the  present  writer 
(68)  have  repeatedly  attested  to  the  truth  of  these  observations.  Zilva, 
Holding,  Drummond  and  Coward  (69)  Mackay  (70)  and  Tozer   (71) 
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also  came  to  similar  conclusions  as  the  result  of  experiments  on  the 
pig,  kitten  and  guinea  pig.  There  can  be  no  doubt  that  in  man  a  de- 
ficiency in  the  diet  of  fat-soluble  A  alone  does  not  give  rise  to  rickets. 
Indeed,  there  is  evidence  to  show  that  fat-soluble  A  in  the  diet  may  be 
necessary  for  the  full  development  of  the  rachitic  process,  as  will  be 
pointed  out  later. 

The  organic  substance  or  factor  in  cod  liver  oil  ichich  causes  lime  salts 
to  deposit  in  the  hanes  in  rickets  is  in  all  prohahility  distinct  from  fat- 
soluble  A.  (In  order  to  avoid  constant  repetition,  it  will  hereafter  be 
termed  X.  By  X  is  understood  that  substance  or  group  of  substances, 
factor  or  factors  so  richly  contained  in  cod  liver  oil,  which  exert  the 
regulatory  influence  on  the  metabolism  in  rickets  and  bring  about  the 
deposition  of  lime  salts  in  the  bones.) 

Believers  in  the  dietetic  origin  of  rickets  were  in  a  dilemma.  The 
investigators  working  with  rats  had  shown  that  rickets  could  be  made 
to  develop  by  means  of  diets  defective  in  their  salt  composition,  but 
not  if  at  the  same  time  the  animal  was  receiving  cod  liver  oil.  Cod 
liver  oil  obviously  contained  some  substance  inhibitory  to  the  develop- 
ment of  rickets.  Yet  in  the  absence  of  cod  liver  oil  from  the  diet,  rickets 
would  not  result  if  the  salt  defect  was  removed  by  the  addition  of 
phosphate  or  by  the  substitution  of  a  well-balanced  salt  mixture. 
Obviously  the  development  of  rickets  in  the  rat  deix?nded,  other  things 
iK'ing  favorable,  not  on  a  single  contingency  but  on  two  contingencies: 
fl,  the  absence  from  the  diet  of  an  organic  substance  contained  in  cod 
liver  oil  which,  so  to  speak,  threw  open  the  door;  and  b,  a  dispropor- 
tionate relation  in  the  inorganic  constituents  of  the  diet  which,  so  to 
speak,  caused  rickets  to  enter.  Now  cod  liver  oil  was  especially  rich 
in  fat-soluble  A.  The  natural  assumption  was,  therefore,  that  the 
inhibitory  organic  substance  in  cod  liver  oil  was  fat-soluble  A.  Butter 
fat,  however,  also  rich  in  fat-soluble  A,  exerted  an  exceedingly  feeble 
action.  No  advocate  of  the  dietetic  theory  of  rickets  could  deny,  on 
the  one  hand,  that  an  organic  factor  was  concerned  in  the  development 
of  the  (liHoasc,  or,  on  the  otlier  hand,  dared  say  that  an  organic  factor 
(liHtinct  from  fat-soluble  A  was  concerned. 

In  July,  1921,  McCoUum,  Simmonds,  Shipley,  and  the  present  writer, 
influenced  by  IIh;  differences  in  the  effectiveness  of  l)Utter  fat  and  cod 
liver  oil  when  added  to  the  diets  of  rats  in  a  state  of  calcium  starvation, 
HiiRgeHted  the  (!xi«t<iince  of  a  dietary  essential  in  cod  liver  oil  separate 
from  fftt-Holublc  A  (72).  Ah  the  result  of  f urtlK^r  exiMMiments  on  the  rat 
with  clietH  containing  butter  fat  and  cod  liver  oil,  llu*  investigators  just 
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named  were  able  to  write,  in  January,  1922,  the  following  statement 
(73):  "The  results  of  this  series  of  experiments  were  so  consistent  and 
decisive  that  we  can  deduce  no  other  conclusion  than  that  cod  liver 
oil  contains  in  abundance  some  substance  which  is  present  in  butter 
fat  in  but  very  slight  amounts,  and  which  exerts  a  direct  influence  on 
the  bone  development,  and  enables  animals  to  develop  with  an  inade- 
quate supply  of  calcium  much  better  then  they  could  otherwise  do. 
This  substance  is  apparently  distinct  from  fat-soluble  A,  which  is 
essential  for  growth  and  which  is  associated  definitely  with  the  pre- 
vention of  ophthalmia  (keratomalacia)."  (p.  7.) 

In  June,  1922,  McCollum,  Simmonds,  Becker  and  Shipley  (56) 
succeeded  in  obtaining  striking  evidence  of  the  existence  of  a  substance 
in  cod  liver  oil  distinct  from  butter  fat  which  causes  the  deposition  of 
lime  salts  in  the  bones  of  rats  rendered  rachitic  by  the  diet.  The  proof 
depended  on  the  use  of  the  method  developed  by  Hopkins  (57)  for  the 
destruction  of  fat-soluble  A  in  oils  already  described  in  connection 
with  Mellanby's  experiments,  and  of  the  so-called  "line  test"  by  which 
the  power  of  any  food  substance  to  cause  the  deposition  of  lime  salts 
in  the  bones  could  be  determined.  McCollum,  Simmonds,  Shipley 
and  the  present  writer  at  the  very  outset  of  their  work  had  demonstrated 
that  the  sudden  introduction  of  cod  liver  oil  into  the  diet  of  a  rachitic 
rat  is  followed  by  a  beautiful  deposition  of  lime  salts  in  a  transverse 
line  across  the  cartilage  (74).  This  phenomenon  was  utilized  for  the 
development  of  a  delicate  biological  test  for  lime  salt-depositing  sub- 
stances. The  four  investigators  previously  mentioned  first  destroyed 
fat-soluble  A  in  cod  liver  oil  according  to  the  method  of  Hopkins. 
They,  then,  having  proved  the  destruction  of  fat-soluble  A  by  demon- 
strating the  ineffectiveness  of  the  cod  liver  oil  for  the  cure  of  xeropthal- 
mia,  fed  it  to  rats  rendered  rachitic  by  means  of  the  diet  and  discovered 
that  its  power  to  produce  deposition  of  lime  salts  was  retained. 

It  is  difficult  to  escape  the  conclusion  that  a  factor  or  factors  exist 
in  cod  liver  oil  distinct  from  fat-soluble  A  which  cause  lime  salts  to 
deposit  in  rachitic  bones. 

X  appears  to  be  closely  associated  with  and  related  to  fat-soluble  A. 
A  reason  which  made  Mellanby  think  the  "anti-rachitic  dietary  factor" 
identical  with  fat-soluble  A  was  that  the  power  possessed  by  various 
fats  to  prevent  the  development  of  rickets,  as  demonstrated  in  his 
experiments,  goes  hand  in  hand  with  their  known  content  of  fat-soluble 
A,  as  shown  by  others.  In  other  words,  fats  known  to  contain  fat- 
soluble  A  appeared  also  to  possess  the  property  of  preventing,  at  least 
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in  some  measure,  the  development  of  rickets.    A  second  reason  which 
inclined  Mellanby  to  favor  the  identity  of  the  "  anti-rachitic  vitamine 
and  fat-soluble  A  was  that  the  dependence  of  the  animal  on  fat-soluble 
A,  on  the  one  hand,  and  on  the  unknown  "  anti-rachitic  factor,"  on  the 
other,  varies  directly  with  the  age.    As  animals  grew  older,  they  tended 
to  become  less  dependent  on  both.     Of  course,  the  correspondence 
between  the  content  of  fat-soluble  A  in  certain  fats  and  their  power  to 
caase  lime  salts  to  deposit  in  the  bones  of  the  subjects  of  rickets  does 
not  seem  to  be  so  close  as  Mellanby  supposed.     McCollum,  Simmonds, 
Becker  and  Shipley  (56)  have  presented  evidence  to  show  that  cocoanut 
oil  lacks  the  power  to  cure  xerophthalmia,  but  has  the  power  to  cause  the 
deposition  of  lime  salts  in  the  rachitic  skeleton.     Butter  fat  seems  to 
possess  a  power  to  prevent  or  cure  xerophthalmia  in  excess  of  its  power 
to  prevent  or  cure  rickets,  as  will  be  discussed  more  fully  below.     In 
general,  however,  as  far  as  our  limited  knowledge  extends,  it  can  be 
said  that  fats  containing  fat-soluble  A  tend  to  contain  also  X.    The 
greatest  argument,  however,  for  thinking  that  the  fat-soluble  A  and 
the  substance  operative  in  rickets  might  be  the  same  is  to  be  found  in 
the    results   of   a   splendid    investigation    by   Zucker,    Johnson,   and 
Bamett  (75).     These  investigators  hydrolyzed  cod  liver  oil  with  sodium 
hydroxide  and  separated  the  fatty  acids.     The  fatty  acids  wore  found 
to  be  entirely  inactive  when  put  to  the  test  on  the  rachitic  rat.     The 
residue,  however,  exerted  a  marked  curative  action.     The  bases  were 
then  removed  from  the  residue  and  shown  to  be  inactive.     The  choles- 
ti.Tol  fraction  wa.s  next  crystallized  from  the  residue  and  found  inactive. 
Finally,  a  fraction  was  left  which  gave  a  curative  effect  a  little  stronger 
than  tlio  original  oil  when  diluted  with  ninety  parts  of  cottonseed  oil. 
This  fraction  had  retained  its  power  to  cure  xeropthalmia.     If  Mellanby 
and  the  committee  of  the  Medical  Research  Council  which  supported 
him  can  Ik?  accused  of  "l)arking  up  the  wrong  tree,"  they  at  least 
deserve  the  great  credit  for  having  "barked  up  a  tree"  which  stood 
clone  by  the  riglit  one.    As  a  matter  of  fact,  Mellanby  never  stated 
that  the  "anti-rachitic  vitamine"  and  fat-soluble  A  were  identical,  but 
that  most  probably  they  were  identical. 

The  diHtribulUm  of  X  in  foods.  Knowledge  concerning  the  distribu- 
tion of  A'  in  f(K)d.s  is  limited.  A'  is  present  in  large  amounts  in  the  oil 
of  the  co<l  and  in  a  considerable  amount  in  the  oils  of  the  shark  and 
burbot  (a  fresh  wat<'r  fish)  (5tt),  (70).  It  is  present  in  small  amount,  as 
compared  with  ('(mI  liver  oil,  in  buiti-r  fat.  Cocoanut  oil  contains  it. 
Other  vegetable  oils  studied,  among  which  were  olive  oil,  jumI/c  oil  .'uid 
Uiuieed  oil,  appear  to  Iw  entirely  free  from  it. 
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Is  X  to  be  regarded  as  a  normal  constituent  oj  foods?  Zucker,  Johnson 
and  Barnett  (75)  state  that  rickets  cannot  be  ascribed  to  a  "vitamine 
deficiency"  until  the  curative  agent  in  cod  liver  oil  has  been  shown  to 
be  a  normal  component  of  foods.  The  fish  oils,  butter  fat,  and  cocoanut 
oil  are  foods.  It  is  already  necessary  to  regard  X  as  a  component  of 
foods.  The  only  uncertainty  relates  to  the  extent  of  its  distribution 
in  foods  and  its  concentration  in  those  foods  in  which  it  occurs.  Prob- 
ably X,  like  fat-soluble  A,  occurs  abundantly  in  green  leaves.  There 
is  urgent  need  of  further  investigation  of  this  subject. 

The  influence  of  radiant  energy^  in  the  prevention  and  cure  of  rickets. 
As  already  said,  many  observers  have  noted  the  tendency  of  rickets 
to  appear  in  children  who  lived  in  the  crowded,  dark,  ill-ventilated 
rooms  of  city  dwellings.  Most  of  these  observers,  however,  became 
fixed  by  the  idea  that  bad  influences  were  there  at  work,  such  as  "nox- 
ious gases,"  "infection,"  and  failed  entirely  to  consider  the  alternative 
of  a  powerful  preventive  and  curative  force  in  sunlight.  A  few  did 
perceive  the  truth.  In  a  remarkable  paper  on  the  etiology  of  rickets 
(1890),  Palm  (88)  recognized  the  full  importance  of  sunlight  and  gave 
remarkable  recommendations  for  the  eradication  of  the  disease  by 
means  of  sunlight.  Raczynski  wrote  (89)  (1912)  "that  it  is  the  sun 
which  plays  the  principal  role  in  the  etiology  of  rickets,"  and  gave  the 
first  proof  of  the  favorable  influence  of  light  on  mineral  metabolism 
by  an  experiment  on  puppies.  One  puppy  was  reared  in  the  dark, 
the  other  in  the  sunlight;  both  were  suckled  by  the  mother.  At  the 
end  of  six  weeks  Raczynski  found  the  calcium  oxide  and  the  phosphorus 
pentoxide  in  the  body  of  the  puppy  reared  in  sunlight  to  be  greatly 
in  excess  of  that  found  in  the  body  of  the  puppy  reared  in  darkness. 
Raczynski  concluded  with  this  statement:  "It  is  possible  to  assume 
that  the  lack  of  action  of  sunlight  by  influencing  in  so  unfavorable  a 
manner  the  assimilation  of  calciiun  oxide  in  the  young  organism  is  one 
of  the  causes  of  rickets.  This  is  in  complete  accord  with  clinical 
experience."  The  favorable  influence  of  sunlight  in  the  treatment  of 
rickets  has  been  emphasized  by  Feer  (91),  and  Neve  (90). 

Almost  twenty  years  ago  Buchholz  (92)  attempted  to  treat  children 
with  rickets  by  means  of  light  from  artificial  sources.  He  used  the 
"gluhlicht"^  and  reported  favorable  results  in  sixteen  cases.     It  is 

^  By  radiant  energy  is  meant  those  radiations  chiefly,  if  not  entirelj',  emitted 
from  the  ultraviolet  portion  of  the  spectrum  which  exert  the  remarkable  influ- 
ence on  the  metabolism  in  rickets.  The  term  light  is  avoided  because  some,  if 
not  all,  these  radiations  are  invisible. 

^  The  carbon  filament  electric  light  bulb. 
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possible  that  the  credit  for  the  discovery  of  the  curative  action  of  light 
in  rickets  belongs  to  him,  but,  since  accurate  information  concerning 
his  work  is  lacking,  it  is  necessary  to  assign  this  great  discovery  to 
Huldschinsky. 

In  June,  1919,  Huldschinsky  (93)  reported  that  the  ultra-violet  ray 
exerted  a  curative  action  in  rickets.  He  had  treated  four  children 
who  had  advanced  rickets  with  the  mercury  vapor  quartz  lamp,  and 
found  that  at  the  end  of  four  weeks  it  was  possible  to  demonstrate  with 
the  X-ray  deposits  of  lime  salts  at  the  ends  of  the  long  bones  of  the 
extremities.     After  two  months  the  healing  seemed  almost  complete. 

In  September,  1919,  Winkler  (94)  reported  the  cure  of  rickets  by 
means  of  the  X-ray.  He  used  a  medium  soft  tube  at  a  focal  distance 
of  about  20  cm.  The  exposure  did  not  exceed  ninety  seconds  and  was 
repeated  every  other  day.  The  treatment  which  was  directed  against 
the  craniotabetic  lesions  of  the  head  resulted  in  the  gradual  disappearance 
of  all  manifestations  of  the  disease.  Winkler  states  that  he  was  able 
to  demonstrate  the  deposition  of  lime  salts  at  the  ends  of  the  radius  and 
tibia  by  means  of  X-ray  photographs.  Hess,  Unger  and  Steiner  (95) 
have  been  unable  to  corroborate  Winkler's  work. 

The  discovery  by  Huldschinsky  of  the  curative  action  of  light  in 
human  rickets  has  been  corroborated  by  Putzig,  (96),  Karger,  (97) 
Huldschinsky  himself  (98)  in  niunerous  additional  experiments,  Riedel 
(99),  Sachs  (100),  Erlacher  (101),  Mengert  (102),  Hess  and  Unger 
(103),  Kramer,  Casparis  and  Howland  (104)  Chick  and  her  collabora- 
tors (105),  and  many  others. 

Huldschinsky  found  that  the  action  of  light  in  causing  lime  salts  to 
deposit  in  the  bones  was  general,  not  local.  By  raying  one  arm  of  a 
rachitic  child,  lime  salts  were  made  to  deposit  in  the  other. 

Sachs  (100)  reported  that  treatment  with  the  ultra-violet  ray  cured 
latent  tetany  and  at  almost  the  same  time  Huldschinsky  (106),  and  a 
little  later  Sachs  (100)  himself,  reported  cures  of  manifest  tetany  by 
that  means. 

Huldschinsky  (98),  made  use  of  sunlight  in  combination  with  the 
mercury  vajwr  ([uartz  lamp  in  the  treatment  of  two  rachitic  {'iiihhen; 
in  Kome  cases  Hicilel  (99)  relied  mainly  on  treatment  with  sunlight 
and  used  artificial  light  only  when  sunlight  was  imavaiiable.  Hess  and 
Unger  (107),  however,  first  demonstrated  that  sunlight  alonc^  jwssesses 
the  curative  action  exercised  l)y  the  light  of  the  mercury  vapor  (luartz 
lanif)  in  the  rickets  of  htiinan  beings.  Hess,  Unger  and  Puppeiiheimer 
noS)  and  l*""'-'-^  "^liiitl^.    \f,.f ',.i|.|,n  "^iminoiids  and  (lie  picsciil  writer 
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(109)  investigated  the  influence  of  sunlight  in  the  prevention  of  rickets  in 
the  rat  and  found  the  prevention  to  be  complete.  When  the  rats  were 
kept  out-of-doors  in  the  sunlight,  diets,  which  regularly  produced  rickets 
indoors  in  a  medium  of  roomlight,  failed  entirely  to  produce  the  disease. 
Later  these  two  groups  of  investigators  (110),  (111),  (112)  further 
corroborated  Huldschinsky's  findings  by  showing  that  the  mercury 
vapor  quartz  lamp  protects  the  rat  against  the  development  of  rickets. 
Hess,  with  several  collaborators  (110),  Shipley  (140),  and  Rowland  and 
Kramer  (76)  have  reported  the  protective  action  of  light  from  other 
artificial  sources  known  to  yield  the  ultra-violet  ray  (the  carbon  arc 
light,  the  cadmium  spark  and  the  ferric  chromium  condenser).  It  is 
interesting  that  the  tungsten  are  which  gives  a  rich  line  spectrum, 
extending  as  far  as  210  ma*,  does  not  protect  rats  from  the  development 
of  rickets.' 

The  radiations  which  are  effective  in  rickets.    The  spectrum  of  the 
sun  is  continuous,  ranging  from  the  long  infra-red  to  short  waves 

ERRATUM 

Volume  III,    No.  1  {January,  1923):    Page  127,  line  12,  instead  of  "tungsten 
arc"  read  "tungsten  filament." 
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auce  pnotocnemicai  reactions  lie  at  tne  uitra-vioiet  ena  oi  tue  speci 
Hess,  Pappenheimer  and  Weinsto^  (113)  have  shown  that  if 
case  of  the  rat  the  rays  of  light  which  protect  against  rickets  lie  in 
ultra-violet  zone  and  are  about  300  /xju  in  length,  or  shorter.  The 
question  exactly  which  are  and  which  are  not  the  active  rays,  is  com^x, 
since  two  factors  must  be  considered— the  length  of  the  rays  and  tMir 
intensity.  It  is  possible,  for  example,  that  rays  of  light  which  ex6rt 
only  a  feeble  effect  in  the  cure  of  rickets  may  have  great  effect  if  sup- 
plied in  great  intensity  as  in  sunlight.  While  the  general  conclusion 
of  Hess,  Pappenheimer  and  Weinstock  is  not  to  be  doubted,  large 
numbers  of  experiments  must  be  made  with  both  variables  taken  into 
consideration  before  it  will  be  possible  to  consider  this  question  as 
settled. 

'  Results  of  experiments  by  Dr.  H.  Laurens  and  Dr.  G.  F.  Powers  which  have 
never  been  reported. 
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possible  that  the  credit  for  the  discovery  of  the  curative  action  of  Hght 
in  rickets  belongs  to  him,  but,  since  accurate  information  concerning 
his  work  is  lacking,  it  is  necessary  to  assign  this  great  discovery  to 
Huldschinsky. 

In  June,  1919,  Huldschinsky  (93)  reported  that  the  ultra-violet  ray 
exerted  a  curative  action  in  rickets.  He  had  treated  four  children 
who  had  advanced  rickets  with  the  mercury  vapor  quartz  lamp,  and 
found  that  at  the  end  of  four  weeks  it  was  possible  to  demonstrate  with 
the  X-ray  deposits  of  lime  salts  at  the  ends  of  the  long  bones  of  the 
extremities.     After  two  months  the  healing  seemed  almost  complete. 

In  September,  1919,  Winkler  (94)  reported  the  cure  of  rickets  by 
means  of  the  X-ray.  He  used  a  medium  soft  tube  at  a  focal  distance 
of  about  20  cm.  The  exposure  did  not  exceed  ninety  seconds  and  was 
repeated  everj-  other  day.  The  treatment  which  was  directed  against 
the  craniotabetic  lesions  of  the  head  resulted  in  the  gradual  disappearance 
of  all  manifestations  of  the  disease.  Winkler  states  that  he  was  able 
to  demonstrate  the  denosition  of  limp  salts  «t.  flip  pnrls  nf  fVio  rorJino  nnA 


deposit  in  the  l)ones  was  general,  not  local.  By  raying  one  arm  of  n 
rachitic  child,  lime  salts  were  made  to  deposit  in  the  other. 

Sachs  (100)  reported  that  treatment  with  the  ultra-violet  ray  cured 
latent  tetany  and  at  almost  the  same  time  Huldschinsky  (106),  and  a 
little  later  Sachs  (100)  himself,  reported  cures  of  manif(»st  tetany  by 
that  means. 

Huldschinsky  (98),  made  use  of  sunlight  in  combination  with  the 
mercury  vapor  quartz  lamp  in  the  treatment  of  two  rachitic  chihhen; 
in  some  cases  Hi«'<lel  (99)  relied  mainly  on  treatment  with  sunlight 
and  used  artificial  light  only  when  sunlight  was  unavailable.  Hess  and 
Unger  (107),  however,  first  demonstrated  that  sunliglit  alon(>  possesses 
the  curative  action  exercised  by  the  light  of  the  mer(!ury  vapor  (luartz 
lamp  in  the  rickets  of  Iminan  beings.  Hess,  I'nger  and  Pappenheimor 
(lOH'  'M"!  p,......^  s:|,j|,|,...   \],.(  *,,||nii,^  Sinnnonds  and  the  present  writer 
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(109)  investigated  the  influence  of  sunlight  in  the  prevention  of  rickets  in 
the  rat  and  found  the  prevention  to  be  complete.  When  the  rats  were 
kept  out-of-doors  in  the  sunlight,  diets,  which  regularly  produced  rickets 
indoors  in  a  medium  of  roomlight,  failed  entirely  to  produce  the  disease. 
Later  these  two  groups  of  investigators  (110),  (111),  (112)  further 
corroborated  Huldschinsky's  findings  by  showing  that  the  mercury 
vapor  quartz  lamp  protects  the  rat  against  the  development  of  rickets. 
Hess,  with  several  collaborators  (110),  Shipley  (140),  and  Rowland  and 
Kramer  (76)  have  reported  the  protective  action  of  light  from  other 
artificial  sources  known  to  yield  the  ultra-violet  ray  (the  carbon  arc 
light,  the  cadmium  spark  and  the  ferric  chromium  condenser).  It  is 
interesting  that  the  tungsten  arc  which  gives  a  rich  line  spectrum, 
extending  as  far  as  210  fin,  does  not  protect  rats  from  the  development 
of  rickets.'' 

The  radiations  which  are  effective  in  rickets.  The  spectrum  of  the 
sun  is  continuous,  ranging  from  the  long  infra-red  to  short  waves 
about  290  nn  in  length.  The  mercuiy  vapor  quartz  lamp  has  a  dis- 
continuous spectrum  emitting  a  number  of  bright  lines,  from  59o/x/x  to 
about  240m)u,  below  which  there  are  a  number  of  weak  lines.  All  investi- 
gators, beginning  with  Huldschinsky,  have  assumed  that  the  rays  of 
light  which  exercised  the  curative  action  in  rickets  were  the  ultra-violet, 
and  such  an  assumption  seemed  almost  necessary,  since  window  glass 
filters  out  of  sunlight  the  ultra-violet  radiations,  and  children  behind 
window  glass  are  not  protected  from  r(^ets.  A  multitude  of  observa- 
tions and  experiments  have  indicated  t™t  the  rays  of  light  which  pro- 
duce photochemical  reactions  lie  at  the  ultra-violet  end  of  the  spectf||^. 

Hess,  Pappenheimer  and  Weinstogji  (113)  have  shown  that  i^^k 
case  of  the  rat  the  rays  of  light  which  protect  against  rickets  lie  in  ^r 
ultra-violet  zone  and  are  about  300  jxn  in  length,  or  shorter.  The 
question  exactly  which  are  and  which  are  not  the  active  rays,  is  comjiex, 
since  two  factors  must  be  considered^ — the  length  of  the  rays  and  tliir 
intensity.  It  is  possible,  for  example,  that  rays  of  light  which  ex6rt 
only  a  feeble  effect  in  the  cure  of  rickets  may  have  great  effect  if  sup- 
plied in  great  intensity  as  in  sunlight.  While  the  general  conclusion 
of  Hess,  Pappenheimer  and  Weinstock  is  not  to  be  doubted,  large 
numbers  of  experiments  must  be  made  with  both  variables  taken  into 
consideration  before  it  will  be  possible  to  consider  this  question  as 
settled. 

^  Results  of  experiments  by  Dr.  H.  Laurens  and  Dr.  G.  F.  Powers  which  have 
never  been  reported. 
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When  the  orgam^ni  is  deprived  of  the  influence  of  X  in  the  food  and  oj 
radiant  energy  defects  in  the  diet  become  reflected  in  the  blood.  This  fact 
is  one  of  the  most  important  of  those  deduced  from  experiments  on  the 
rat.  Diet  761  of  INIcColhun,  Simmonds,  Shipley  and  the  present 
WTiter  contained  0.05  per  cent  calcium  and  0.45  phosphorus.  According 
to  the  analysis  of  Rowland  and  Kramer  (76),  the  serum  of  the  animals 
on  the  diet  contained  5.5  mgm.  calcium  and  8.0  phosphorus  per  100 
cc.  blood.  Cod  liver  oil  administered  for  fourteen  days  raised  the 
calcium  to  8.2  mgm.  Diet  618  contained  1.22  calcium  and  0.3  phos- 
phorus. The  serum  of  rats  on  it  showed  10.5  mgm.  of  calcium  and  2.4 
mgm.  of  phosphorus  per  100  cc.  blood.  In  five  days  cod  liver  oil  raised 
the  phosphorus  to  5.7  mgm.  per  100  cc.  blood. 

In  the  absentee  of  X  and  of  radiant  energy,  rickets  can  be  made  to  develop 
by  altering  the  composition  of  the  diet  in  several  ways.  Undoubtedly  the 
composition  of  the  organic  portion  of  the  diet,  quite  apart  from  its 
content  in  X,  exerts  an  important  influence  in  determining  the  develop- 
ment or  non-development  of  rickets.  Unfortunately,  the  experiments 
of  the  New  York  group  of  investigators  throw  little  light  on  this  aspect 
of  the  question,  because  they  used  the  same  basal  ration  in  all  their 
experiments.  McCollum,  Simmonds,  Shipley  and  the  present  writer, 
on  the  other  hand,  used  a  great  variety  of  diets.  Their  experiments 
established  the  fact  that  the  organic  portion  of  the  diet  (quite  apart 
from  its  content  in  A')  may  exert  a  determining  influence.  It  seems 
probable  that  an  excessive  prppbrtion  of  carbohydrate  in  the  diet  and 
an  insufficient  amount  of  protein  or  protein  of  poor  quality  favors 
the  development  of  rickets,  and,  indeed,  that  anj'  defects  in  the  com- 
position of  the  organic  portion  may  favor  its  development  if  they  are 
ol^uch  a  nature  as  to  make  the  diet  fail  to  meet  the  nutritional  needs, 
and  at  the  same  time  do  not  prevent  growtli  of  the  skeleton.  Since  no 
pcjsitive  information  exists  to  the  contrary  concerning  the  influence  of 
the  organic  con.stituents  of  the  diet  (apart  from  A'),  one  nnist  at  present 
assume  that  a  faulty  comiKJsition  of  the  diet  in  respect  to  fats,  carbo- 
hydrates and  proteins  acts  chiefly  in  an  indirect  manner  through  its 
influence  on  tlie  organism  as  a  whole. 

In  contrast  to  tlie  uncertainty  which  surrounds  the  question  of  the 
influence  of  the  organic  components  of  the  diet,  no  doubt  exists  that 
the  salt  composition  of  the  diet  exercises  a  determining  influence  for 
or  against  the  d(»velopnient  of  rickets,     tickets  lias  l)een  pioiluced: 

1.  By  diminishing  the  phosphorus  content  of  the  diet  and  adminis- 
tering calcium  in  the  form  of  the  carl)onate  or  lactate  or  chloride  in 
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disproportionately  large  quantities  (62),  (66),  (68),  (64).  The  rickets 
produced  in  this  way  is  characterized  by  a  low  blood  phosphorus  and  a 
histological  condition  corresponding  to  that  ordinarily  found  in  the 
human  being. 

2.  By  diminishing  the  calcium  and  maintaining  the  phosphorus 
content  of  the  diet  at  a  higher  level  than  that  of  calcium  (64),  (77). 
The  rickets  resulting  from  diets  of  this  kind  has  certain  distinctive 
features.  The  arrangement  in  the  metaphysis  of  the  bone  is  more 
orderly  than  in  the  low  phosphorus  form  of  the  disease;  evidences  of 
resorptive  activity  are  marked;  cells  from  the  fixed  tissues  with  baso- 
philic granules  lie  scattered  about  in  the  immediate  vicinity  of  the 
traboculae.  No  doubt,  however,  can  exist  concerning  the  identity  of 
this  form  of  rickets  with  the  rickets  of  the  human  being,  and  chemical 
analyses  of  the  blood  of  the  human  lieing  are  bringing  to  light  proofs 
of  the  existence  of  rickets  in  which  the  calcium  is  low. 

3.  By  adding  magnesium  carbonate  to  the  diet.^  McCollum, 
Simmonds,  Shipley  and  the  present  writer  produced  rickets  of  the 
greatest  severity,  by  the  addition  to  the  diet  of  magnesium  carbonate 
in  quantities  varying  between  1  and  4  per  cent.  The  rickets  cor- 
responded in  its  general  features  to  the  low  phosphorus  form  of  the 
disease.  The  magnesium  carbonate  was  most  effective  in  diets  in  which 
the  phosphorus  was  low.  If  given  in  large  amount,  it  had  so  deleterious 
an  influence  on  the  health  of  the  animal  that  life  was  not  continued 
for  more  than  a  few  weeks. 

4.  By  the  addition  of  strontium  carbonate  to  the  diet  (78).  By  the 
addition  of  strontium  carbonate  in  amounts  equalling  2  per  cent,  an 
extreme  rickets  of  the  low  phosphorus  variety  was  produced.  Animals 
on  this  diet  almost  invariably  developed  paralysis  of  the  hind  legs. 
The  condition  seemed  to  be  fundamentally  different  from  that  which 
Lehnerdt  (79)  obtained  by  feeding  strontium.  That  investigator 
used  diets  relatively  high  in  phosphorus.  The  effect  of  the  strontium 
was  complicated,  therefore,  by  the  effect  of  a  high  phosphorus. 

Experience  has  shown  that  not  all  diets  deficient  in  X  and  having 
unusual  calcium  phosphorus  balances  regularly  produce  typical  rickets. 
Undoubtedly  there  are  many  factors  in  the  diet  about  which  nothing 
is  known,  and  the  question  whether  these  factors  are  to  be  found  in 
the  organic  portion  of  the  diet  or  in  the  inorganic  portion  must  remain 
imanswered  pending  further  investigation.     At  any  rate,  in  an  im- 

'  These  experiments  have  never  been  published. 
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portant  paper  just  published,  Zucker,  Johnson  and  Barnett  (75)  report 
that  by  making  the  Sherman-Pappenheimer  diet  acid  through  the 
substitution  of  calcium  chloride  in  equivalent  quantities  for  the  calcium 
lactate,  the  rickets-producing  power  of  the  diet  was  removed,  and  that 
by  adding  ammonium  chloride  in  amounts  equalling  2  per  cent  of 
the  total  ration  its  rickets-producing  power  was  lost.  A  result,  the 
reverse  of  the  ones  just  recorded,  was  obtained  when  a  diet  which  was 
made  up  of  flour,  egg  albumin  and  a  suitable  salt  mixture  was  used. 
This  diet  did  not  produce  rickets.  When,  however,  sodium  carbonate 
was  added  in  an  amount  equalling  2  per  cent,  this  diet  was  converted 
into  a  rickets-producing  one.  The  experiments  of  Zucker,  Johnson 
and  Barnett  indicate  that  a  determining  factor  for  or  against  the 
development  of  rickets  is  the  hydrogen  ion  concentration  of  the  diet. 
The  work  just  mentioned  must  be  corroborated.  McCoUum,  Sim- 
monds,  Shipley  and  the  present  writer  succeeded  in  obtaining  rickets 
of  the  low  calcium  variety  when  the  ash  of  the  diet  was  acid  or  alkaline. 
They  obtained  rickets  of  the  low  phosphorus  variety  when  calcium 
chloride  was  used  instead  of  calcium  carbonate.  The  experiments 
of  Zucker,  Johnson  and  Barnett,  however,  are  important,  not  alone 
from  the  fact  that  they  indicate  another  way  by  which  the  equilibrium 
between  the  calcium  and  the  phosphate  ions  of  the  blood  may  be  upset 
so  as  to  give  rise  to  rickets,  but  also  because  they  suggest  that  defects 
in  the  salt  composition  of  the  diet,  other  than  the  disproportion  between 
the  calcium  and  phosphorus,  may  be  significant.  When  diets  charac- 
terized by  disproportions  between  the  calcium  and  phosphorus  are  fed 
to  animals  in  the  absence  of  A'  and  radiant  energy,  the  resulting  change 
in  the  levels  of  calcium  and  phosphorus  of  the  blood  is  due  to  a  direct 
action.  Undoubtedly,  however,  the  calcium  ion  or  the  phosphate  ion 
of  the  blood  can  Ijc  depressed  by  indirect  action. 

In  the  absence  of  X  and  radiant  energy,  rickets  can  be  prevented  by  means 
of  the  diet.  The  effect  of  the  organic^  jiortion  of  the  diet,  (i[uite  apart 
from  its  content  of  X,  on  the  (Un'elopment  or  non-development 
of  rickets  has  already  been  discussed.  Here  it  is  necessary  merely 
to  restate  the  general  principle  that,  if  the  organic  portion  of  the 
diet  is  com}M)sed  in  such  a  way  as  best  to  meet  the  reciuiremonts 
of  the  animal  and  is  supplied  in  sufficient  amount,  it  undoubtedly 
contributes  protection  against  rickets.  Again  it  is  necessary  to  em- 
phasize; the  extreme  limitutions  of  our  knowledge  concerning  the  specific 
effertH  of  the  organic  components  of  the  diet. 
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The  fact,  however,  that  rickets  can  definitely  be  prevented  by  the 
salt  composition  of  the  diet  is  of  great  importance.  For  example,  the 
salt  mixture  185  devised  by  McCoUum  (66)  effectually  prevents  the 
development  of  rickets  when  substituted  for  a  salt  mixture  which  leads 
to  the  development  of  rickets.  Sherman  and  Pappenheimer,  it  will 
be  remembered,  converted  their  rickets-producing  diet  into  one  which 
did  not  produce  rickets  through  the  simple  addition  of  0.4  per  cent 
alkaline  potassium  phosphate,  which  restored  the  calcium  phosphorus 
ratio  in  the  diet  to  one  within  normal  limits.  If  the  work  of  Zucker, 
Johnson  and  Barnett  proves  to  be  correct,  it  is  possible  to  make  the 
diet  lose  its  property  to  produce  rickets  by  making  it  acid.  Doubtless, 
as  our  knowledge  of  the  interrelationships  between  the  diet  and  the 
production  of  rickets  increases,  it  will  be  found  that  the  disease  can  be 
prevented  by  means  of  the  diet  in  a  variety  of  ways. 

Before  leaving  the  subject,  it  is  advisable  to  point  out  the  influence 
of  fat-soluble  A  on  the  development  of  rickets.  In  the  diet  used  by 
Sherman  and  Pappenheimer,  and  in  diet  3127  used  by  McCollum, 
Simmonds,  Shipley  and  the  present  writer,  the  quantity  of  fat-soluble 
A  present  was  insufficient  to  prevent  the  development  of  xerophthalmia, 
and  rickets  developed.  It  is  possible,  therefore,  to  obtain  rickets, 
even  though  fat-soluble  A  in  the  diet  is  reduced  to  a  minimum.  The 
rickets  never  reaches  the  degree  of  development  under  that  condition, 
however,  which  is  possible  when  fat-soluble  A  is  present  in  the  diet. 
Apparently  when  a  young,  rapidly  growing  animal  is  suddenly  placed 
on  a  diet  which  is  defective  in  fat-soluble  A  and  is  incapable  of  main- 
taining growth,  growth  continues  for  a  time  as  the  result  of  what  may 
be  termed  a  growth  momentiun.  During  this  period  the  salt  defect 
in  the  diet,  if  such  is  present,  manifests  itself  sooner  than  the  defect  in 
fat-soluble  A.  The  new  cartilage  and  bone  tissue  are  formed  without 
lime  salts,  and  a  state  of  rickets  is  brought  about.  Pappenheimer 
and  his  collaborators  and  McCollum,  Simmonds,  Shipley  and  the  present 
writer  found  that  small  quantities  of  butter  added  to  the  diets  deficient 
in  fat-soluble  A  made  the  rickets  more  pronounced. 

Butter  fat  is  exceedingly  'poor  in  its  content  of  X  as  compared  with  cod 
liver  oil.  Mellanby  noted  that  butter  fat  was  inferior  to  cod  liver  oil 
in  its  power  to  prevent  rickets,  and  the  only  reason  that  Findlay,  Pa- 
ton  and  their  associates  did  not  fail  entirely  in  the  assault  on  Mellanby's 
position  was  the  chance  choice  of  butter  fat  rather  than  cod  liver  oil 
as  the  substance  representing  the  "  anti-rachitic  factor."  If  they  had 
used  a  potent  cod  liver  oil  in  sufficient  quantity,  not  one  puppy  would 
have  become  rachitic  in  any  of  their  experiments. 
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The  proof  that  butter  fat  is  feeble  in  its  power  to  cause  lime 
salt  deposition  in  rickets  appeared  early  in  the  ■work  of  the  American 
investigators.  At  the  same  meeting,  May,  1921,  Pappenheimer  (80) 
announced  that  the  addition  of  butter  to  the  Sherman-Pappenheimer 
diet  in  the  proportion  of  0.2  gram  per  100  grams  of  ration  (an  amount 
barely  sufficient  to  prevent  xerophthahnia)  did  not  prevejit  the  devel- 
opment of  rickets,  and  the  writer  reported  that  butter  fat,  added  to 
the  rachitic  diet  in  quantities  equalling  10  per  cent  of  the  total  ration, 
was  insufficient  for  that  purpose.  IMcCollum  (81),  (73)  also  presented 
a  paper  which  showed  from  a  totally  different  standpoint  the  inferiority 
of  butter  fat  as  compared  with  cod  liver  oilc'  When  the  calcium  of 
the  diet  was  low,  butter  fat  was  markedly  inferior  to  cod  liver  oil 
in  its  power  to  cause  growth  as  well  as  to  induce  calcification  of  bone. 
Butter  fat  to  20  per  cent  of  the  diet  failed  to  cause  satisfactory  growth 
in  the  presence  of  a  marked  calcium  deficiency  in  the  diet,  whereas 
cod  liver  oil  was  effective  in  an  amount  equalling  3  per  cent  of  the  diet. 
In  subsequent  publications  Pappenheimer,  JNIcCann  and  Zucker  (65) 
proved  that  the  addition  of  butter  fat  to  the  amount  rf  10  per  cent 
of  the  diet  neither  prevents  nor  causes  rickets.  McCollam,  Simmonds, 
Becker  and  Shipley  (56)  showed  by  means  of  the  "line  test,"  (82)  that 
butter  fat  must  be  fed  in  proportions  of  15  to  30  per  cent  of  the  diet 
in  order  to  induce  lime  salt  deposition  in  the  cartilage. 

Cows^  milk  cannot  he  regarded  as  an  " ant i -rachitic"  food.  The  fact 
that  butter  fat  is  feeble  in  its  anti-rachitic  action  is  of  practical  impor- 
tance; it  means  that  cows'  milk  is  not  a  strongly  anti-rachitic  food,  and 
explains  clinical  exi)erience  which  has  taught  on  every  side  that  a  iliet 
of  cows'  milk  and  rickets  are  entirely  compatiijle.  In  this  connection 
the  work  of  Shipley,  McCollum,  Simmonds  and  the  present  writer  (72), 
(73)  are  of  significance.  This  work  showed  that  cod  liver  oil  possesses  in 
far  greater  degree  than  butter  fat  the  power  to  aiil  the  animal  in  his 
struggle  against  the  adverse  conditions  imi)osed  by  diets  low  in  calcium. 
Evidently  butter  fat  is  designed  to  operate  only  in  the  medium  in  whicli 
it  is  contained."  It  is  possible  that  the  particular  combination  of  salts, 
protein,  carlK)hydrate  and  fat  which  compose  cows'  milk  may  be  such 
08  actually  to  favor  the  development  of  rickets  when  introducKul  into 
the  human  organism.  The  fact  cannot  be  forgotten  that  the  great 
majority  of  children  who  develop  rickets  do  so  on  diets  of  cows'  milk. 

Will  axl  livir  nil  invar inhly  cure  rickets?  In  the  rickets  produced  in 
the  rat  by  dietn  high  or  relatively  high  in  cah'ium  miuI  low  in  phosphorus, 

•  View  ftliio  cxpri>MM(l  l>v  M.llnnhy. 
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the  low  phosphorus  form  of  rickets  (62),  (63),  (64),  (66),  (68),  (83)  cod 
liver  oil  restores  the  histological  condition  in  the  bone  essentially  to 
the  normal  in  from  fourteen  to  twenty-one  days.  The  trabeculae  may 
be  fewer  than  in  the  bones  of  the  rat  on  a  normal  diet  but  are  completely 
calcified.  The  provisional  zone  of  cartilage  is  completely  calcified. 
The  bones  of  the  skeleton  remain  smaller  than  in  rats  on  satisfactory 
diets  and  in  comparison  with  those  of  the  latter  are  thin. 

In  the  rickets  produced  bj^  diets  in  which  the  calcium  is  low  and 
the  phosphorus  higher,  the  low  calcium  form  of  rickets  (64)  (77),  (83), 
cod  liver  oil  never  restores  the  finer  structure  of  the  bone  to  the  nor- 
mal. The  trabeculae  do  not  become  completely  calcified,  and  the 
provisional  zone  of  cartilage  is  not  alwaj's  completely  calcified.  The 
arrangement  of  the  cells  in  the  proliferative  zone  of  cartilage  is,  however, 
regular,  showing  that  the  orderly  growth  of  the  cartilage  does  not 
depend  on  calcium  deposition  between  the  columns  of  cells;  the  arrange- 
ment of  the  trabeculae  in  the  subchondral  portion  of  the  bone  is  orderly. 
The  trabeculae  are  greatly  increased  in  number.  The  reason  that  cod 
liver  oil  does  not  restore  the  finer  structure  of  the  bone  to  the  normal 
in  the  presence  of  a  relative  calcium  defect,  lies  in  the  fact  that  the 
calcium  depot  of  the  body  is  in  the  skeleton,  and  it  becomes  necessary 
for  the  organism  continually  to  draw  upon  it.  Everywhere  in  the 
trabeculae  the  destruction  of  old  bone  and  the  formation  of  new,  the 
urnhau,  go  on  with  increased  rapidity.  Obviously  a  circulation  of 
calcium  is  set  up  through  the  intermediary  of  the  blood  from  parts  of 
the  bone  in  which  it  is  not  needed  to  the  points  where  it  is  most  needed, 
viz.,  the  cartilage  and  adjacent  portion  of  the  shaft.  The  holes  in 
the  trabeculae,  many  of  which  contain  calcified  fragments  and  free 
osteoblasts,  and  the  osteoid  borders  along  the  trabeculae  are  merely 
evidences  of  the  conservation  process  which  the  organism  resorts  to 
in  the  face  of  a  calcium  deficiency.  Cod  liver  oil  cannot  ever  be  thought 
of  as  initiating  any  new  process  in  the  bone,  but  merelj'-  as  acceler- 
ating those  which  are  natural  to  the  organism  (84),  (85). 

Though  cod  liver  oil  cannot  be  said,  as  judged  by  histological 
appearances,  to  restore  the  abnormal  condition  in  the  bone  induced  by 
calciiun  starvation  to  the  normal  one,  it  does  so  for  all  practical  pur- 
poses, for  the  gross  deformities  of  the  skeleton  disappear,  and  the  bones 
become  strong  enough  to  meet  the  requirements  of  the  animal.  Onlj' 
in  rats  of  the  second  or  third  generation  on  low  calcium  diets,  contain- 
ing cod  liver  oil,  do  fractures  regularly  develop.     In  such  animals  100 
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or  more  green-stick  fractures  have  been  counted  in  the  ribs.  The 
bones  of  the  extremities  remain  exceedingly  thin  but  intact.^'' 

When  both  calcium  and  phosphorus  are  low  in  the  diet,  and  cod  liver 
oil  is  administered,  the  histological  structure  of  the  bone  seems  to  be 
determined  by  the  calcium  deficiency  and  is  most  closely  allied  to  that 
already  described  for  the  low  calcium  form  of  rickets. 

When  rickets  is  produced  by  the  addition  of  strontium  carbonate 
to  the  diet  (78),  a  form  of  rickets  which  probably  never  occurs  in  the 
human  being,  cod  liver  oil  exerts  little  influence.  In  the  rickets 
induced  by  the  administration  of  magnesium  carbonate,  also,  cod 
liver  oil  exerts  a  limited  influence.  It  is  possible  that  the  rickets 
from  excessive  quantities  of  magnesium  in  the  food  may  occur  in 
animals  (86). 

When  Findlay  (87)  states  that  cod  liver  oil  does  not  cure 
the  rickets  of  the  human  being,  one  infers  either  that  the  cod  liver  oil 
used  was  not  potent  or  was  not  actually  taken.  One  can  be  certain 
that  in  the  human  being  with  rickets,  with  the  possible  exception  of  the 
premature  infant,  cod  liver  oil  never  fails  to  exert  a  curative  action  with- 
out change  in  the  living  conditions  or  diet. 

The  effects  and  mode  of  operation  of  cod  liver  oil  and  radiant  energy. 
What  cod  liver  oil  and  radiant  energy  actually  accomplish  is  beau  tif ully 
illustrated  in  experiments  performed  by  Powers  and  Guy.'^  These 
investigators  placed  large  series  of  rats,  abundantly  controlled  and 
living  in  a  medium  of  roomlight,  on  a  basal  ration  which  was  defective 
in  X,  calcium  and  phosphorus.  In  the  diets  fed  two  sets  of  animals 
the  calcium  was  made  high  and  the  phosphorus  kept  low.  In  the  diets 
fed  two  other  sets  the  calcium  was  kept  low  and  the  phosphorus  was 
made  high.  When  these  diets  had  been  administered  long  enough 
for  the  disproportions  between  the  calcium  and  phosphorus  to  become 
reflected  in  the  blood,  as  was  determined  by  chemical  examination, 
cod  liver  oil  was  administered.  In  those  animals  in  which  the  calcium 
of  the  sc?rum  was  low,  cod  liver  oil  caused  the  calcium  to  rise  to  the 
normal  level,  restoring  a  normal  equilibrium.  In  those  animals  in 
which  the  inorganic  phosphorus  in  tlu^  serum  was  low,  cod  liver  oil 
caused  the  inorganic  phosphorus  to  rise  to  a  normal  level,  establishing 
a  normal  equilibrium.  Obviously  cod  liver  oil  acted  as  a  rcgulntor 
of  the  mineral  metabolism,  at  least  in  so  fur  us  tlie  calcium  and  inorg.-uiic 

**  TheM  experimentii  by  McCoIlutn,  SimmondH,  Shipley  and  the  present  writer 
bftve  Mintr  betn  reported. 

"  ThMe  experimenU  hftvo  not  yet  been  reported. 
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phosphorus  are  concerned,  and  one  may  infer  that  a  function  of  cod 
Uver  oil  and  also  of  radiant  energj^  is  to  maintain  the  normal  salt 
equilibrium  of  the  body  in  the  presence  of  salt  combinations  of  different 
complexities  which  are  continually  being  absorbed  from  the  food. 

Though  we  may  only  conjecture  concerning  the  mode  of  operation 
of  cod  liver  oil  and  radiant  energy  in  rickets,  certain  observations 
concerning  their  effects  are  suggestive.  Animals  on  rickets-produc- 
ing diets,  which  are  given  cod  liver  oil  and  kept  in  the  sunlight,  grow 
better,  are  more  active,  more  nearly  normal,  and  live  longer  than  their 
control  animals.  Obviously  the  beneficial  effect  of  the  energy  derived 
from  the  sun  and  of  cod  liver  oil  is  not  limited  to  the  rachitic  process. 
Also,  the  favorable  effect  of  cod  liver  oil  and  radiant  energy  on  rats 
receiving  diets  which  give  rise  to  rickets  is  maintained  as  long  as  either 
is  supplied. ^2  The  examinations  by  Rowland  and  Kramer  (76)  of  the 
blood  of  the  animals  used  in  the  experiments  of  McCoUum,  Shipley, 
Simmonds  and  the  present  writer  have  shown  that  cod  liver  oil  main- 
tains the  level  of  the  calcium  in  the  blood  near  to  the  normal  in  rats 
kept  for  four  generations  on  diets  so  deficient  in  calcium  as  to  render 
the  animals  in  a  perpetual  state  of  calcium  starvation.  Neither  cod 
liver  oil  nor  radiant  energy  supplies  the  required  calcium  or  the  phos- 
phorus. It  is  an  extraordinary  fact,  however,  that  either  one  can 
enable  the  rat,  kept  in  a  state  of  calcium  or  of  phosphorus  starvation, 
to  obtain  so  good  a  utilization  of  the  minimal  quantities  of  calcium  or 
of  phosphorus  supplied  in  the  food  as  to  maintain  the  level  of  the  cal- 
cium or  of  the  phosphorus  in  the  body  fluids  almost  at  the  normal. 
Without  supplying  either  phosphorus  or  calcium  radiant  energy  or 
X  causes  the  organism  to  operate  as  if  a  requisite  or  almost  requisite 
quantity  of  phosphorus  or  calcium  were  supplied.  They  do  so  by 
supplying  something  which  makes  the  metabolism  more  efficient,  i.e., 
they  cause  the  organism  to  operate  with  increased  economy.  Neither 
the  histological  studies  of  the  bones  nor  the  chemical  examinations  of 
the  blood  indicate  that  either  cod  liver  oil  or  light  bring  new  processes 
into  operation,  but  rather  permit  the  organism  to  have  full  use  of 
processes  which  were  natural  to  it  all  the  time,  but  were  not  effective. 

'^  The  question  arose:  Did  not  cod  liver  oil  or  radiant  energy  exert  their 
favorable  influence  in  rickets  by  making  available  to  the  organism  depots  of 
phosphate  or  calcium  which  previously  had  been  inaccessible?  On  that  sup- 
position one  would  expect  the  rickets  to  recur  when  the  depot  of  phosphate  or 
calcium  finally  became  exhausted,  even  though  the  administration  of  the  cod 
liver  oil  was  continued. 
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Radiant  energy  is  a  powerful  oxidizing  and  reducing  agent  in  the  case 
of  the  simpler  chemical  compounds,  and  probably  exerts  an  influence 
of  some  such  general  nature  in  man  and  animals.  It  communicates 
to  the  organism  energy"  in  some  form  which  is  apparently  essential  for 
normal  metabolic  activity,  in  particular  in  the  growing  organism.  It 
is  probable  that  cod  liver  oil  operates  in  some  such  general  way. 

Apart  from  rickets  cod  liver  oil  and  sunlight  cannot  be  considered  to 
have  an  equivalent  action.  Powers,  Simmonds  and  the  present  writer 
(114)  have  shown  that  radiations  from  the  mercury  vapor  quartz  lamp 
have  almost  no  influence  in  the  prevention  of  xerophthalmia  in  the  rat, 
whereas  cod  liver  oil  has  a  powerful  preventive  action.  They  found 
that  sunlight  and  fresh  air,  on  the  other  hand,  delayed  the  develop- 
ment of  xerophthalmia  in  some  animals  and  in  others  prevented  it  over 
[)eriods  of  four  or  five  months.  Obviously,  however,  sunlight  and  fresh 
air  had  kept  the  xerophthalmia  onlj'^  just  submerged,  since  it  quickly 
made  its  appearance  when  the  animals  were  removed  from  sunliglit  to 
ordinary  roomlight.  Cod  liver  oil  prevents  xerophthalmia  more  easily 
than  it  prevents  rickets ;  sunlight,  however,  prevents  the  development  of 
xerophthalmia  only  with  difhculty  but  readily  prevents  the  development 
of  rickets.  The  investigation  just  mentioned  speaks  rather  in  favor 
of  the  existence  of  at  least  two  factors  in  cod  liver  oil,  the  one  exercising 
a  special  influence  in  the  prevention  and  cure  of  xerophthalmia  and 
the  underlying  disturbance  in  metabolism,  the  other  exercising  a  spe- 
cial influence  in  the  maintenance  of  the  normal  salt  equilibrium  in  the 
blood.  It  also  shows  that  cod  liver  oil  furnishes  a  factor  the  equivalent 
of  which  sunlight  does  not  supply,  or  supplies  in  small  amount.  Abun- 
dant evidence  exi.sts  that  radiant  energy  produces  effects  which  cod  liver 
oil  cannot  Ijring  alx)ut.  So  far  as  the  influence  on  the  mineral  metabo- 
lism in  rickets  is  concerned,  however,  their  functions  seem  to  overlap. 
It  is  difi^icult  to  (!onceive  that  A'  so  abundantly  contaitied  in  cod  liver 
oil,  and  radiant  energy  whidi  e.xercise  this  extraordinary  infhuMK'e  on 
the  metalK>lism  of  the  organism,  should  be  entirely  unrelated.  Doubt- 
!«i8  thn  future  will  Hhow  that  some  intimate  connection  exists  between 
them. 

Kffr.dM  of  Httirvalion.  The  attention  of  MeCoUum,  Simmonds, 
Shipley  and  the  present  writer  (115)  was  early  called  to  the  fact  that 
animals  whi<:h  grew  iK)orly  and  presumably  ate  poorly  did  not  show 
rickotH.  The  thought,  therefore,  HUggcstcd  itself  that  starvation  might 
excite  healing.  Accordingly,  rats  that  had  been  rctidcrcd  rachitic  by 
means  of  diets  low  in  phosphorus  and  faiil\'  hi^h  in  cah'iuni  railxmato 
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were  starved  for  five  day  periods.  When  thej^  were  killed,  beautiful 
deposits  of  lime  salts  comparable  to  those  found  in  rats  giving  a  positive 
"line  test"  to  cod  liver  oil  stretched  across  the  border  of  the  cartilage 
at  the  rachitic  metaphysis.  Observations  which  have  the  same  signifi- 
ficance  were  made  by  Pappenheimer  and  his  collaborators. 

The  starving  animal  no  longer  carries  the  load  of  the  unbalanced 
diet.  His  tissues,  breaking  down,  liberate  substances  required  to 
restore  the  normal  equilibrium,  including  perhaps  X  itself.  Many 
studies  of  the  metabolism  in  starvation  have  shown  that  the  body  in 
that  state  uses  its  resources  with  the  utmost  economy.  It  is  not  strange, 
therefore,  that  under  the  influence  of  starvation  the  normal  equilib- 
rium reforms.  The  phenomenon  has  its  analogue  in  the  favorable 
influence  of  starvation  on  the  metabolism  in  diabetes  and  other  diseases. 

The  relation  of  growth  to  the  development  of  rickets.  For  the  develop- 
ment of  manifest  rickets  and  osteomalacia  growth  is  essential.  Both 
are  diseases  intimately  concerned  with  the  phenomenon  of  growth. 
The  peculiar  turn  which  the  metabolism  takes  in  rickets  is  probably 
dictated  by  the  requirements  of  growth,  and  in  this  way  is  explained 
the  frequency  of  rickets  during  the  periods  of  rapid  growth. 

So  many  writers  have  pointed  out  the  fact  that  malnourished  infants 
do  not  become  rachitic,  that  one  need  only  mention  the  fact  here. 
Sometimes,  however,  the  subjects  of  extreme  rickets  are  emaciated. 
Jundell  (25)  has  been  so  impressed  by  the  apparent  relation  between 
rickets  and  growth  that  he  has  revived  the  idea  originally  advanced  by 
Glisson  which  ascribes  rickets  to  over-eating  (over-nutrition). 

Is  the  rickets  'produced  experimentally  in  animals  the  same  disease  as 
rickets  in  the  human  being?  Findlay  (60)  questions  whether  the  rickets 
induced  in  animals  is  the  same  disease  as  the  rickets  of  the  hiunan 
being.  In  reply  these  facts  may  be  cited:  The  lesions  in  the  skeleton, 
both  gross  and  minute,  are  identical;  the  pathological  conditions  found 
to  exist  in  the  blood  are  identical;  the  rickets  produced  experimentally 
in  animals  may  or  may  not  be  accompanied  by  the  symptoms  of  tetany, 
exactly  as  rickets  in  the  human  being  may  or  may  not  be  accompanied 
by  tetany;  the  same  remedial  measures  are  effective  in  both.  Not  the 
slightest  doubt  can  exist  that  the  rickets  produced  experimentally  in 
animals  and  the  rickets  occurring  in  human  beings  is  the  same  disease. 

The  chemical  changes  occurring  in  rickets:  The  changes  in  the 
blood  occurring  in  rickets.  A  great  step  forward  was  accomplished  when 
Iversen  and  Lcnstrup  (116),  and  Howland  and  Kramer  (117),  quite 
independently,  reported  that  in  ordinary  rickets  (rickets  uncomplicated 
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with  tetany),  the  inorganic  phosphorus  in  the  blood  is  low.  Rowland 
and  Kramer  found  that  in  non-rachitic  infants  the  concentration 
of  calcium  is  from  10  to  11  mgm.  per  100  cc,  of  serum  and  of  inorganic 
phosphorus  about  5  mgm.  During  the  period  of  active  rickets  the 
calcium  concentration  of  the  serum  may  be  normal  or  slightly  reduced, 
a  result  in  agreement  with  that  previously  reported  by  Rowland  and 
Marriott  (118).  The  inorganic  phosphorus  of  the  serum,  however, 
is  regularlj^  reduced,  in  some  cases  to  an  extreme  degree,  for  example  to 
1.0  mgm.  With  the  exception  of  that  form  of  tetany  which  is  induced 
in  infants  through  the  administration  of  the  sodium  carbonates  or  by 
over-ventilation  of  the  lungs,  infantile  tetany  must  be  regarded  as  a 
sjTnptom-complex  occurring  in  rickets.  It  is,  therefore,  necessary  to 
inquire  into  the  conditions  prevailing  in  the  blood  in  tetany.  Rowland 
and  Marriott  (118)  some  time  ago  found  that  the  calcium  of  the  blood 
is  considerably  reduced  in  infantile  tetany,  exactly  as  in  the  tetan}'  of 
animals  caused  by  extirpation  of  the  parathyroid  glands.  During 
active  sj-mptoms  the  calcium  of  the  serum  may  fall  to  3.5  mgm.  per 
100  cc.  of  blood.  The  inorganic  phosphorus  is,  however,  usually  "nor- 
mal" varj'ing  from  3.6  to  5.8  mgm.  per  100  cc.  The  concentration  of 
sodium  and  magnesium  was  found  to  be  essentially  "normal,"  that  of 
potassium  slightly  increased.  When  calcium  is  administered  in  tetany 
in  the  form  of  calcium  chloride,  the  calcium  in  the  blood  serum  rises. 
In  the  human  being  and  also  in  the  rat  the  rise  of  the  calcium,  however, 
is  frequently  associated  with  a  fall  in  the  inorganic  phosphorus.  These 
findings  in  the  blood  in  ordinary  rickets  and  in  rickets  accompanied 
by  tetany  have  received  abundant  confirmation  (Findlaj'^,  Paton  and , 
Sharpe  (1),  Hess  (119),  (Jyorgy  (120),  von  Meysenbug  (121)  and 
others). 

Iversen  and  Lenstrup  reported  that  the  inorganic  pliosphorus  of  the 
blood  was  increased  after  the  administration  of  cod  liver  oil.  Rowland 
and  Kramer  also  reported  its  regular  increase  after  the  administration 
of  cod  liver  oil  to  the  normal  level  and  "often  somewhat  above  this." 
Apparently  the  rise  in  the  inorganic;  phosphorus  of  the  blood  began  to 
)x;  apparent  after  fourteen  days  of  treatment  and  did  not  become  com- 
plete until  four  to  six  weeks  had  elapsed.  Hadiant  energy  exerts  an 
influence  on  the  level  of  the  inorganic  phospliorus  of  the  blood  in 
rickets  which  is  identical  with  that  of  cod  liver  oil.  Hess  and  (lutnian, 
(107)  Ilcsfi,  Ungcr  and  Pap^wnheimcr  (110)  and  Rowland  and  Kramer 
(7fl)  have  reported  that  radiant  energ>',  whether  derived  from  the  sun 
or  artificial  sources  rich  in  ultra-violet  radiations,  cause  the  low  inorganic 
phosphorus  of  the  serum  in  rickets  to  rise. 


THE   ETIOLOGY   OF   RICKETS  139 

In  this  connection  the  reports  of  the  chemical  examinations  of  the 
blood  made  by  Rowland  and  Kramer  (76)  on  the  rats  used  in  the  experi- 
ments of  McCollum,  Simmonds,  Shipley,  and  the  present  writer  are 
of  the  greatest  interest.  The  findings  in  the  blood  corresponded  in  a 
wonderful  manner  with  the  histological  findings  and  have  both  supplied 
new  information  and  given  splendid  support  to  the  conclusions  drawn 
from  the  latter.  The  chemical  examinations  of  the  blood  showed: 
a,  that  the  concentration  of  the  inorganic  phosphorus  and  calcium  of 
the  serum  cannot  be  made  to  exceed  the  concentrations  regarded  as 
normal;  b,  that  when  the  concentration  of  either  calcium  or  inorganic 
phosphorus  in  the  serum  is  low,  it  may  be  increased  by  increasing  the 
amount  of  the  respective  element  in  the  diet ;  c,  that  when  the  inorganic 
phosphate  of  the  serum  is  low  it  may  be  increased  by  starvation,  the 
addition  of  phosphorus  to  the  diet  in  organic  or  inorganic  form  or  of 
various  fats  (the  fish  oils  and  butter  fat),  and  by  exposure  to  radiations 
of  the  requisite  quality.  The  examinations  of  the  blood  also  indicated 
that  cod  liver  oil  raises  the  calcium  of  the  serum  in  the  rat  when  the 
latter  is  low. 

The  metabolism  in  rickets.  Knowledge  concerning  the  metabolism 
of  rickets  is  so  confused  that  the  wisdom  of  discussing  it  beyond  the 
point  of  obtaining  a  general  orientation  seems  doubtful.  Reviews  of 
the  subject  will  be  found  by  Orgler  (122),  Lehnert  (123),  and  Paton^ 
Sharpe  and  Findlay  (1).  Two  splendid  studies  to  which  the  reader 
is  especially  referred  are  those  by  Telfer  (124)  and  Hamilton  (125). 
The  one  by  Hamilton  was  made  on  the  premature  rachitic  infant. 

The  disturbances  in  the  salt  equilibrium  in  the  blood  which  character- 
ize rickets  have  already  been  described.  The  total  ash  of  the  bones 
is  greatly  reduced.  For  example,  Telfer  found  the  mineral  matter  of 
the  dried  bones  of  the  leg  of  a  rachitic  dog  to  be  17.7  per  cent,  as  com- 
pared with  44.9  per  cent  in  the  normal  animal.  Brubacher  (126)  gives 
similar  figures  for  the  rachitic  and  normal  child.  Another  important  • 
fact  is  that  in  the  rachitic  subject  the  ratio  of  calcium  to  phosphorus  in 
the  bone  does  not  differ  materially  from  that  in  the  bone  of  normal 
individuals.  Both  Telfer  and  Hamilton  have  shown  that  in  rickets  the 
amounts  of  calcium  and  phosphorus  retained  are  less  than  in  healthy 
persons.  This  point  in  the  metabolism  of  rickets  has  been  definitely 
established.  Schabad  (127)  has  reported  negative  calcium  and  phos- 
phorus balances  in  rickets  and  it  is  probable  that  in  rickets  negative 
balances  may  occur.  Another  interesting  point  brought  out  by  Telfer 
is  that  the  proportion  of  phosphorus  retained  is  less  than  that  of  cal- 
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cium.  A  fact  which  has  especial  importance  in  regard  to  the  metabo- 
lism of  the  premature  infant  with  rickets  and  all  infants  on  diets  of 
breast  milk  was  brought  out  by  Hamilton.  He  showed  that  the  normal 
infant  excretes  about  0.200  gram  of  calcium  oxide  daily,  regardless 
of  the  intake  or  weight.  For  an  adequate  calcium  retention  to  occur, 
merefore,  it  is  necessarj'^  that  considerably  more  than  that  amount  be 
supplied  in  the  food.  There  is  no  good  evidence  that  fat,  protein,  or 
carbohydrate,  considered  as  such,  influence  calcium  metabolism.  Scha- 
bad  (128),  Schloss  (129)  and  Orgler  (122)  have  reported  that  cod  liver 
oil  increases  calcium  retention;  Frcund  (130),  Orgler  and  others  have 
performed  experiments  tending  to  show  that  milk  fat  decreases  calcium 
retention.  Telfer  failed  to  find  that  either  butter  fat  or  cod  liver  oil 
influenced  calcium  retention. 

The  metabolism  of  rickets  must  be  studied  anew.  In  most  investi- 
gations the  periods  of  study  have  been  too  short,  and  the  condition  of 
the  child  during  the  experimental  period  has  not  been  sufficiently  taken 
into  account.  The  fact  that  X  in  cod  liver  oil  and  other  substances 
does  not  seem  to  produce  its  effect  until  a  period  of  days  has 
elapsed  has  not  been  taken  into  account.  In  view  of  the  remark- 
able influence  of  radiant  energy  on  the  mineral  metabolism,  fresh 
•experiments  on  normal  infants  ought  to  be  carried  out  in  order  to 
■determine  normal  standards. 

There  are  several  explanations  for  the  diminution  in  the  retention  of 
calcium  and  phosphorus  in  rickets.  One  is  that  the  calcium  and  the 
pho.sphorus  are  not  absorljed  from  the  intestinal  tract.  On  this  sup- 
ixwition  it  is  likely  that  either  the  digestive  functions  arc  disturbed 
in  some  p(,'culiar  way,  or  else  the  combination  of  food  substances  is 
such  that  insoluble  products  incapable  of  absorption  are  formed,  for 
example,  tri-calciimi  phosphate  or  calcium  soaps.  Another  possibility 
18  that  the  calcium  and  phosphorus  are  absorbed,  but,  on  account  of 
nbnonnul  conditions  in  the  internal  metabolism,  are  not  allowed  to 
accumulate  in  the  l)lood;  they  are  either  driven  out  of  the  body  or  are 
used  to  carry  out  some  other  substance.  Under  this  latter  supposition 
it  IH  nccesMury  to  HUpix)so  the  primary  disturbance  to  be  in  the  internal 
t:  '  •■i!K)liMn>.  In  <uthor  case  it  sct^ms  altogether  probable  that  the  depo- 
1  of  lime  Halts  in  the  Ixjnes  is  detcnnined  ciiicHy,  if  not  entirely, 
by  the  produciH  of  the  concentration  of  the  calcium  and  phosphate 
ioHH  in  the  circulating  fluid  as  Howland  and  Kramer  (131)  hav(>  indi- 
cated. When  the  concentratioim  of  calcium  aixl  phosphate  in  the 
J;Ukk1   increawe  HiUficiently,   the  deiK)Hition   of   lime   salts  apparently 
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occurs.  Telfer  and  Zucker  seem  to  incline  to  the  view  fiist  mentioned. 
If,  however,  the  calcium  and  phosphorus  are  not  absorbed  from  the  diges- 
tive tract,  is  it  not  because  the  internal  metabolism  does  not  demand 
their  absorption?  Even  if  they  are  not  absorbed,  it  does  not  follow 
that  the  disturbance  is  not  in  the  internal  metabolism  which  may  have 
failed  to  create  the  necessary  demand.  It  seems  easier  to  explain  the 
action  of  radiant  energy  and  also  of  cod  liver  oil  in  rickets  on  the  ground 
that  the  metabolism  of  the  whole  body  is  altered,  rather  than  on  the 
basis  of  a  peculiar  composition  of  the  food  or  a  local  disturbance  in 
the  digestive  system.  We  should  beware,  however,  of  drawing  positive 
conclusions  in  a  subject  about  which  so  little  is  known.  Moreover  we 
ought  to  remember  that  such  a  disturbance  in  metabolism  as  the  one 
occurring  in  rickets  probably  does  not  always  come  about  in  the 
same  way. 

The  social  and  living  conditions  of  rachitic  children.  Rickets  cccurs 
most  commonly  among  the  children  of  the  poor,  who  eat  poor  food  and 
spend  much  of  their  time  indoors  in  poorly-lighted,  badly-ventilated, 
dark  rooms.  These  are  facts  emphasized  by  Kassowitz  and  many 
others.  It  is  important  to  remember,  however,  that  rickets  not  infre- 
quently makes  its  appearance  in  families  of  means  living  under  condi- 
tions of  hygiene  antl  diet  which  have  been  regarded  as  above  criticism » 
Instead  of  generalizing  further,  it  seems  advisable  to  give  brief  r6sum4s 
of  the  two  best  studies  on  this  subject,  the  one  by  Ferguson  (24)  in 
Glasgow,  the  other  by  Hutchinson  and  Shah  (132)  in  India. 

Ferguson  investigated  two  hundred  families  in  which  marked  rickct* 
existed,  one  hundred  and  fifty  families  in  which  there  was  mild  rickets,, 
and  one  hundred  families  in  which  the  rickets  appeared  to  have  been 
cured.  She  compared  the  conditions  found  with  those  present  in  two 
hundred  families  in  which  the  children  were  free  from  rickets.  The  chief 
points  brought  out  were:  Inadequate  air  and  exercise  appeared  to  1x3 
potent  factors  in  determining  the  onset  of  rickets.  In  the  rachitic 
families  the  social  conditions  were  somewhat  the  worse.  The  average? 
number  of  persons  per  room  was  almost  one  greater;  the  cubic  space 
per  person  was  32  per  cent  less;  the  houses  were  less  cleanly,  and  the 
children  were  taken  out  of  doors  in  the  fresh  air  considerably  less. 
("Over  40  per  cent  of  the  rachitic  children  had  not  been  taken  out, 
while  only  4  per  cent  of  the  non-rachitic  children  had  been  confined 
indoors.")  Ferguson's  study  of  the  dietaries  in  the  rachitic  and  non- 
rachitic families  was  not  altogether  satisfactory.  In  general,  the 
diets  in  the  non-rachitic  families  had  about  the  same  ettergy  value  as 
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those  in  the  rachitic  families.  In  the  non-rachitic  families  the  average 
amount  of  fat  in  the  diet  was  10.7  per  cent  higher;  the  consumption  of 
milk  was  somewhat  greater;  that  of  fish  and  eggs  double;  and  of  mar- 
garin  or  butter  slightly  greater  than  in  the  rachitic  families.  Though 
Ferguson  minimized  the  differences  in  the  diets  in  the  two  groups, 
the  diet  of  the  non-rachitic  families  was  the  better.  The  study  by 
Ferguson  was  an  extension  and  corroboration  of  a  similar  studj'^  made 
by  Findlay  several  years  previous. 

In  their  most  remarkable  investigation  of  the  effect  of  hygiene  versus 
diet  upon  the  development  of  rickets,  Hutchinson  and  Shah  made  direct 
comparisons  of  diets  and  living  conditions  among  the  Mahomedans 
^nd  Hindus  of  the  laboring  classes  with  those  prevailing  among  the 
higher  caste  Mahomedans  and  Hindus,  among  whom  the  practice  of 
the  "purdah"  was  usual.  The  women,  as  well  as  the  men  of  the  labor- 
ing elates,  worked  in  the  fields,  and  while  at  work  left  their  young 
infants  at  some  nearby  point  in  the  open  air.  The  houses  of  this 
class  were  "one  roomed,  ill  built  huts  with  a  hole  in  the  roof  for  a 
chimney."  Among  the  higher  caste  Hindus  and  Mahomedans  the 
infant  remained,  as  a  rule,  for  the  first  six  months  of  his  life  with  his 
mother  in  a  semi-tlark,  ill  ventilated  room  in  the  interior  of  the  house, 
and  ordinarily  remained  indoors  until  able  to  walk  and  look  after  him- 
self. The  women  usually  married  at  the  age  of  twelve,  entered 
"purdah"  and  from  that  time  on  left  the  house  only  for  short  periods 
on  special  occasions.  The  houses  were  built  in  such  a  way  as  to  admit 
little  light  and  air.  The  dietaries  of  the  higher  caste  Hindus  and 
Mahomedans  were  considerably  better  than  the  dietaries  of  the  laboring 
class.  They  contained  more  animal  fat,  butter,  eggs  and  milk.  Fresh 
vegetables  figured  little  in  the  dietaries  of  either.  The  point  of  the 
investigation  was  that  rickets  occurred  scarcely  at  all  among  the  in- 
fants of  the  laborers,  whereas  it  was  exceedingly  common  among  the 
children  of  the  upper  caste  families.  Moreover,  among  the  women  of 
the  upjx^r  cu-stes  late  rickets  was  frequently  encountered. 

In  reality  the  investigations  of  Hutchinson  and  Shah  showed  merely 
that  sunlight  prevented  the  development  of  rickets.  The  diets  of 
iHjth  casti'H  were  deficient  in  the  factor  A'  and  poorly  constituti'd.  The 
children  and  women  of  the  lalwring  class  were  protected  by  sunliglit. 
Those  of  the  higher  castes  lacking  the  influence  of  sunlight  develoixMl 
the  (liscaso. 

DietJt  of  rachitic  children.  Until  quite  recently  it  was  taught  that 
(Vu'iH  ill  which  the  cart>ohydrate  was  in  excess,  tlie  fat  deficient,  and 
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perhaps  also  the  protein,  produced  rickets.  This  view  arose  from  the 
observations  of  physicians  that  rickets  was  particularly  apt  to  appear 
in  children  receiving  condensed  milk  and  proprietary  foods.  At  the 
same  time  the  theory  found  support  in  the  reports  of  experiments  by 
Bland-Sutton  at  the  Zoological  Garden.  The  so-called  experiments  of 
Bland-Sutton  have  had  an  influence  which  apparently  they  have  not 
merited.  Cheadle  and  Poynton  (133)  wrote  concerning  them  in  1908: 
"The  history  of  these  lion  cubs  is  very  significant;  with  the  exception 
of  a  single  litter,  suckled  by  the  dam  ten  years  before,  the  cubs  brought 
up  on  horse-flesh  in  this  way  invariably  died,— the  cause  of  death 
being,  as  invariably,  extreme  rickets.  More  than  twenty  litters  had 
been  lost  in  this  way.  The  feeding  of  the  last  litter  of  lion  cubs  was 
begun  in  the  usual  fashion.  The  dam  had  very  little  milk,  and  at  the 
end  of  two  weeks  the  cubs  were  weaned  entirely  and  were  then  put  on 
horse-flesh  as  usual.  They  quickly  became  rickety,  and  the  muscular 
weakness,  as  well  as  bony  deformity,  were  extreme.  The  malady 
advanced  rapidly  and  one  cub  died.  Then,  by  the  advice  of  Mr.  Bland- 
Sutton,  milk,  pounded  bones,  and  cod  liver  oil  were  added  to  the  raw 
meat,  which  was  continued  exactly  as  before;  they  were  kept  in  the 
same  dens  with  the  same  amount  of  warmth  and  light  and  air,  and, 
with  the  single  exception  of  the  addition  to  the  diet,  no  change  of  any 
kind  was  made  in  the  regimen.  The  change  in  nutrition  which  followed 
was  immediate  and  remarkable;  in  three  months  all  signs  of  rickets 
had  disappeared,  and  the  animals  grew  up  strong  and  healthy — a 
unique  event  in  the  history  of  the  society.  The  experiment  seems  a 
crucial  one,  and  decisive  as  to  the  part  played  by  fat  and  bone  salts, 
with  some  casein  and  lactose,  in  the  production  and  cure  of  rickets" 
(pp.  85  and  86). 

Findlay  (87)  wrote  concerning  these  experiments  in  1921:  "Bland- 
Sutton  has  kindly  supplied  me  with  details  of  his  experiences  with 
rickets  in  young  carnivora  in  the  London  Zoological  Gardens,  experi- 
ences which  have  been  extensively  quoted  in  the  medical  literature, 
but  which  were  never  published  in  detail  by  him.  His  attention  has 
been  drawn  to  the  difficulty  of  rearing  young  carnivora  in  confinement. 
They  'were  often  born  with  cleft  palate,  and  those  that  survived  soon 
developed  rickets.'  "  To  remedy  these  things,  he  advised  that  the  adult 
lions  should  be  given  goat  flesh  and  bones  twice  weekly  instead  of 
being  fed  entirely  on  horse-flesh  (the  bones  of  horses  being  very  hard), 
and  that  the  young  be  given  cod  liver  oil  to  lick.  As  a  result  of  these 
changes  in  diet,  some  of  the  lion  whelps  were  born  without  cleft  palate. 
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and  others,  which  grew  up  to  adult  hfe,  presented  remarkable  rickety 
changes  in  their  skulls.  Such  experiments  do  not  justify  the  conclusions 
regarding  the  influence  of  fat  in  rickets  that  have  been  based  on  them 
by  his  disciples,  and  I  know  that  within  recent  years  Bland-Sutton  has 
held  the  opinion  that  a  gastro-intestinal  disturbance,  probably  of  a 
microbic  nature,  is  the  initial  cause  of  the  disease''  (pp.  152  and  153). 

Few  systematic  investigations  of  the  diets  of  rachitic  children  have 
been  made.  As  just  mentioned,  the  investigations  of  Ferguson  in- 
dicated that  the  diets  in  "non-rachitic"  families  were  superior  to  those 
in  the  "rachitic"  families,  and  those  of  Hutchinson  and  Shah  showed 
that  the  diets  in  the  "rachitic"  families  were  better  than  in  the 
"non-rachitic." 

In  January,  1920,  Hess  and  Unger  (134)  put  to  the  test  upon  the 
infant  the  diet  which  Mellanby  had  used  with  so  much  success  for  the 
production  of  rickets  in  puppies.  They  gave  to  five  infants  between 
four  and  nine  months  of  age  a  diet  composed  of  180  grams  krystalak, 
the  fat  content  of  which  was  less  than  0,2  per  cent,  30  grams  cane 
sugar,  10  cc.  orange  juice,  30  cc.  autolyzed  yeast  and  30  cc.  cottonseed 
oil.  The  infants  did  not  develop  symptoms  of  rickets  during  observa- 
tion periods  of  five  to  ten  months.  The  experiments  were  undertaken 
in  order  to  determine  the  influence  of  a  deficiency  in  the  diet  of  fat- 
soluble  A  on  the  development  of  rickets  in  the  human  being.  From 
that  standpoint  they  were  not  of  great  value.  Fat-soluble  A  was  still 
present  in  the  food,  and  clinical  observation  alone  did  not  make  the 
freedom  from  rickets  certain.  It  is  interesting,  however,  to  learn  that 
this  diet  seemed  to  have  a  greater  protective  value  than  diets  containing 
considerable  amounts  of  butter  fat,  perhaps  because  of  the  very  defi- 
ciency in  fat-soluble  A. 

Chick,  DalycU,  Hume,  Mackay  and  Smith  (105)  have  reported 
concerning  the  effects  of  two  diets  used  as  standards  in  Pirquet's 
clinic,  Vienna.  The  first  diet  contained  about  two-thirds  to  one-half 
of  its  total  energy  in  the  form  of  sugar.  It  was,  therefore,  higli  in 
carbohydrate  (05  per  cent),  relatively  low  in  milk  and,  hence,  milk 
fat  (24)  per  r<;nt,  and  in  fat-soluble  A,  especially  as  the  milk  used  was 
from  stall-fed  (jowh  and  found  to  be  low  in  vit amine  A  l)y  actual  tost; 
it  wa«  also  low  in  protein  (11  per  cent).  Tiie  second  diet  consisted  of 
full  cream  dried  milk  diluted  so  as  to  yield  13  ix>r  cent  solids.  It 
contained  protein  (20  |)er  cent),  fat  (45  per  cent)  and  carbohydrate 
^35  prr  cent).  Additions  of  cereals  were  made  for  older  chihhcn,  and 
c<kI  liv'-  '<n  wa«  j?iven  to  the  younger  infants.     The  addition  of  the 
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cod  liver  oil  to  the  second  diet  was  most  unfortunate  because  it  destroyed 
completely  the  value  of  any  comparative  data.  It  was  found,  as  was 
to  be  expected,  that  the  second  diet  (plus  cod  liver  oil)  protected  against 
the  development  of  rickets.  The  first  diet  proved  curative  when  cod 
liver  oil  was  added  to  it.  The  most  important  development  from  the 
study  was  the  discovery  that  children  on  the  first  diet  (when  cod  liver 
oil  was  not  added)  developed  rickets  during  the  winter  and  spring  in 
spite  of  excellent  hospital  conditions,  but  did  not  develop  it  during  the 
summer. 

Several  years  ago  McClure,  and  subsequently  Powers,^^  analyzed 
the  dietaries  of  infants  and  young  children  with  rickets  who  entered 
Johns  Hopkins  Hospital.  They  found  that  infants  and  young  children 
developed  rickets  on  all  foods  ordinarily  given.  Negro  children,  who 
had  not  shown  marked  evidences  of  the  disease  while  being  breast  fed, 
developed  it  in  a  severe  form  between  the  ages  of  ten  months  and  two 
years,  when  they  ate  table  food.  The  diets  were  composed  of  bread, 
syrup,  candy,  cake,  potato,  and  little  milk.  It  was  fairly  common 
to  find  infants  on  diets  of  sweetened  condensed  milk  who  had  developed 
rickets,  and  others  who  did  not  show  a  trace  of  the  disease.  Several 
children  with  extreme  rachitic  involvement  of  the  thorax  and  multiple 
fractures  had  received  only  diluted  cows'  milk,  and  in  Dunham,  Willis 
and  Guy's^^  series  of  cases  of  very  early  rickets,  eight  of  ten  artificially 
fed  babies  were  receiving  such  diets.  In  one  extraordinarily  severe 
case  of  rickets  in  a  negro  child  the  diet  consisted  mainly  of  toast  and 
tea.  It  was  common  to  see  rickets  in  children  whose  diets  of  cows' 
milk,  sugar,  or  starch  mixtures  had  been  prolonged  into  the  second  year. 
Hess  (135),  (136)  thinks  children  are  particularly  liable  to  develop  rickets 
on  diets  of  protein  milk. 

One  may  state  positively  that  rickets  develops  on  all  milk  mixtures 
and  on  almost  all  foods  or  combinations  of  foods  ordinarily  given  to 
children.  In  general,  however,  the  diets  of  rachitic  children,  particu- 
larly of  older  children,  are  open  to  criticism.  Either  there  is  an  ex- 
cessive amount  of  carbohydrate  or  an  insufficient  amount  of  protein 
or  of  fat,  or  there  is  insufficient  carbohydrate,  as  in  simple  dilutions  of 
whole  milk,  or  the  protein  is  of  poor  quality,  or  the  food  value  of  the 
diet  is  below  the  requirements,  or  the  diet  is  poor  in  calcium  or  in  its 
total  salts,  or  is  unsuitable  for  the  digestion  or  for  the  age,  as  when 
mixtures  of  milk  and  carbohydrate  are  continued  into  the  second  year. 

"  These  investigations  were  never  reported. 
'*  These  investigations  will  soon  be  reported. 


146  EDWABDS   A.    PARK 

Analysis  of  the  diets  of  rachitic  children,  however,  does  not  indicate 
that  salt  defects,  such  as  seem  to  be  required  for  the  production  of 
rickets  in  the  rat,  are  present.  In  occasional  instances  the  total  salts 
may  be  low  (the  protein  in  that  case  is  deficient  also),  or  the  calcium 
may  be  low,  as  in  the  diets  of  the  negro  children  previously  mentioned. 
The  majority  of  the  diets,  however,  on  which  children  develop  rickets, 
are  based  on  cows'  milk,  and  the  salt  composition  is  that  of  cows' 
milk.  On  the  other  hand,  children  may  receive  diets  open  to  the 
greatest  criticism  from  several  standpoints  and  yet  not  develop  rickets. 
Children  on  diets  of  carbohydrate  alone  do  not  develop  rickets.  The 
poorest  diets  will  not  cause  rickets  if  they  are  supplemented  with  cod 
liver  oil,  or  if  the  child  is  protected  by  sunlight. 

One  fact  of  great  importance  may  be  mentioned  here.  The  older 
the  subject  of  rickets,  the  greater  the  probability  of  marked  defects 
in  the  diet.  In  old  rachitic  children  the  diet  is  almost  invariably 
found  to  be  defective. 

Rickets  occurs  in  breast-fed  children  with  much  greater  frequency 
than  generally  supposed.  A  large  percentage  of  negro  babies  who  are 
breast-fed  show  signs  of  rickets,  and  many  breast-fed  white  children  of 
cities  are  affected.  Rickets,  however,  does  not  usually  develop  in  white 
babies,  if  breast-fed,  and  rarely  manifests  itself  in  breast-fed  babies 
in  severe  forms.  Findlay  and  Ferguson  found  rickets  as  common  in 
children  who  had  been  breast-fed  as  in  those  who  had  never  been 
breast-fed,  an  observation  showing  at  least  that  breast  feeding  confers 
no  lasting  protection.  Rickets  in  the  breast-fed  child  is  often  accom- 
panied by  tetany. 

A  study  was  made  by  Hess  and  linger  (137)  of  the  diets  of  the  negro 
mother  in  a  negro  district  of  New  York  City  where  rickets  was  exceed- 
ingly prevalent  among  breast-fed  children.  The  negroes  were  for 
the  most  part  immigrants  from  the  West  Indies  where  they  had  lived 
an  out-of-<loor  life  and  consumed  a  diet  consisting  mainly  of  vegetables, 
eaten  fresh,  and  fruits.  In  New  York  City  they  lived  chiefly  on  meat 
or  fish,  rice  and  potato,  tea,  coffee,  and  cereal.  Milk  was  taken  in 
miaU  quantity  and  fruit  rarely.  The  vegetables  which  were  taken  in 
tmal\  amount  were  usually  tanned.  In  New  York  City  the  women 
lived  ind(K)r  liv(!H.  The  striking  points  brought  out  in  tlie  study  were 
that  the  mothers  ha<i  exchanged  an  out-of-door  life  in  the  tropics  for 
an  indoor  life  in  the  temperate  zone,  antl  a  dietary  in  which  green 
vegetables  and  green  leaves  figunul  larg(>ly  for  one  in  which  those 
•rtiolet  of  food  were  almost  entirely  lacking. 
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In  by  far  the  most  accurate  study  thus  far  made  of  the  dietaries  of 
the  nursing  mothers  of  rachitic  children,  Dunham,  WiUis  and  Guy^' 
have  found  that  the  diets  both  during  pregnancy  and  lactation  are 
almost  always  poor  and  open  to  a  variety  of  criticism.  In  the  majority 
of  instances  the  caloric  value  of  the  diet  was  under  the  requirement 
for  mother  plus  child,  and  fresh  vegetables  and  fruit  were  almost 
entirely  lacking.  In  five  of  eleven  instances  the  diet  was  low  in  cal- 
cium and  in  two  instances  in  phosphorus.  In  the  one  instance  in 
which  the  amount  of  green  vegetables  in  the  dietary  was  abundant, 
the  total  value  was  only  1125  calories,  and  the  total  phosphorus  was 
under  the  minimum.  It  should  be  added  that  almost  all  the  mothers 
of  the  rachitic  infants  led  indoor  lives. 

In  this  connection  the  observation  made  by  Siegert  (30)  that  the 
breast-fed  infants  of  rachitic  mothers  usually  have  rickets  may  be 
significant.  Though  the  conditions  of  hygiene  and  diet  which  caused 
rickets  in  the  infant  do  not  produce  the  disease  in  the  mother,  they 
may  be  conceived  of  as  affecting  her  to  the  extent  of  rendering  her 
milk  deficient  in  its  protective  qualities.  Certainly  the  studies  of 
Hess  and  Unger  and  of  Dunham,  Willis  and  Guy  show  that  women 
receiving  diets  deficient  in  fresh  vegetables  and  other  foods  containing 
fat-soluble  A  and  probably  X  and  living  away  from  sunlight,  do  not 
yield  breast  milk  which  protects  their  offspring  from  the  development 
of  rickets.  De  Wessclow  (138)  and  v.  Meysenbug  (121)  have  shown 
that  the  milk  of  the  mothers  of  rachitic  infants  is  not  lacking  in  either 
calcium  or  phosphorus. 

Discussion.  As  the  result  of  clinical  observation  and  investigation 
it  has  become  clear  that  two  factors  exist,  the  one  in  radiant  energy, 
the  other  in  an  unknown  form  in  certain  foods,  either  of  which  is  cap- 
able of  preventing  rickets  from  developing  or  from  continuing,  if  already 
established.  It  has  become  equally  clear,  also,  that  only  when  the 
organism  is  deprived  of  the  influences  of  radiant  energy  and  of  X,  can 
rickets  develop.  Recent  advances  in  knowledge  have  failed  entirely 
to  disclose  the  nature  of  vitamines,  or  their  mode  of  operation  in  the 
organism  or  the  mode  of  operation  of  the  ultra-violet  radiations  of  the 
environment.  They  have  revealed,  however,  certain  of  the  effects 
upon  the  organism  of  radiant  energy  and  of  X;  both  exercise  a  stimu- 
latory or  a  regulatory  influence  on  the  metabolism  of  the  body,  in  par- 
ticular of  the  calcium  and  phosphorus.  One  at  least  of  their  functions 
appears    to    be   the    protection   of    the   organism  from    the  dangers 

"  This  study  will  soon  be  reported. 
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attendant  on  the  absorption  and  entrance  into  the  blood  of  sub- 
stances which  might  disturb  its  salt  balance.  Moreover,  increased 
knowledge  has  indicated  that  the  role  played  by  radiant  energy  and  X  in 
the  maintenance  of  the  normal  salt  metabolism  is  of  the  utmost  im- 
portance, and  that  the  organism  is  dependent  on  the  energy  of  the 
sun's  rays  or  of  their  equivalent  in  the  food  to  an  extent  little  appre- 
ciated. The  facts  enumerated  indicate  bej^ond  a  doubt  that  rickets 
is  a  deficiency  disease.  Moreover,  they  settle  for  all  time  the  differ- 
ences of  opinion  between  the  English  and  the  Scottish  schools  concern- 
ing the  cause  of  rickets.  Rickets  is  a  dietetic  disease,  since,  for  its 
development  the  diet  must  be  insufficiently  supplied  with  the  factor 
A''.  At  the  same  time  it  is  a  disease  of  defective  hygiene,  since  for  its 
development  there  must  be  an  insufficient  supply  in  the  environment 
of  the  radiant  energy  which  exerts  the  protective  action.  The  facts 
just  mentioned  also  explain  the  disagreement  among  the  students  of 
rickets,  the  world  over,  concerning  the  causation  of  the  disease.  Ob- 
viously two  factors  have  been  concerned,  but  all  investigators  have 
proceeded  on  the  assumption  that  only  one  factor  was  concerned, 
and  have  perceived  so  clearly  the  existence  of  the  one  that  they  have 
denied  the  possibility  of  the  existence  of  the  other. 

As  stated,  radiant  energy  and  X  in  the  food  exert  only  a  protective 
or  curative  and  regulatory  influence.  The  question  naturally  arises, 
therefore,  are  there  factors  in  the  diet  or  elsewhere  which  actually  can 
bring  about  the  development  of  rickets?  Experiments  have  proved 
that  in  the  rat  the  food,  quite  apart  from  A',  can  precipitate  the  develop- 
ment of  rickets  (in  the  absence  of  protective  railiations),  or  stop  its 
development.  In  the  case  of  the  rat,  therefore,  no  doubt  exists  that 
the  food  can  exert  a  detennining  influence  either  for  the  development 
of  rickets  or  against  its  dovolopment.  Can  the  diet,  then,  exert  a 
similar  determining  influence  in  the  human  being?  Obviously  absolute 
knowledge  is  lacking.  Not  the  slightest  doubt,  however,  can  be  enter- 
tained that  di(?ts  such  as  do  actually  produce  rickets  in  the  rat  would 
produce  rickctH  in  the  human  being  under  the  same  conditions;  also, 
that  diets  Huch  as  prevent  the  development  of  rickets  in  the  rat  would 
prevent  the  development  of  rickets  in  the  human  being.  The  evidence 
at  our  dispoHal  indicates  that  the  human  being  is  more  susceptible  to 
thr»  development  of  rickets  than  the  rat. 

Since,  then,  it  seems  certain  that  the  diet  (apart  from  its  content 
of  X)  can  exert  a  tletermining  influence  for  or  against  the  development 
of  ricketfi  in  tlie  human  iK'ing,  it  is  necessary  next  to  iiuiuiro  whether 
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the  diet  in  the  human  being  does  exert  this  determining  influence.  Do 
the  studies  of  the  diets  of  children  with  rickets  reveal  defects  which 
appear  to  be  capable  of  precipitating  the  disease?  The  studies  already 
referred  to  indicate  that  such  abnormalities  in  the  salt  composition  of 
the  diet  as  seems  necessary  for  the  production  of  rickets  in  the  rat  are 
not  ordinarily  present  in  the  diets  of  rachitic  children.  In  some  cases 
of  rickets,  in  particular  when  older  children  or  adults  are  affected, 
defects  in  the  salt  composition  of  the  diet  akin  to  those  necessary  for 
the  production  of  rickets  in  the  rat  may  be  found.  In  a  great  majority 
of  instances,  however,  variations  in  the  calcium  and  phosphorus  and 
in  the  reaction  of  the  diets  fall  within  limits  which  according  to  present 
standards  must  be  regarded  as  normal.  The  point  which  stands  out 
with  great  clearness  in  the  study  of  the  diets  of  children  suffering  from 
rickets  is  that  no  single  fault  (apart  from  a  possible  insufficiency  in  X) 
can  be  found  which  is  common  to  all.  The  defects  appear  to  be  of 
various  kinds  and  of  such  nature  as  rather  to  predispose  Lo  the  devel- 
opment of  rickets  than  actually  to  cause  its  development.  It  is  true 
also  that  the  diets  on  which  some  children  develop  rickets  seem  to  be 
well  constituted  and  do  not  cause  rickets  in  others. 

In  this  connection  a  word  of  warning  is  required.  Knowledge  con- 
cerning the  relationship  of  different  food  substances  to  the  organism  is 
in  its  infancy.  Defects  in  the  diet  of  such  nature  as  actually  to  be 
productive  of  rickets  may  be  present  in  the  diets  of  all  rachitic  children. 
In  our  present  ignorance,  however,  one  cannot  recognize  them. 

Since  the  analysis  of  the  diets  of  children  developing  rickets  fails 
to  reveal  a  constant  defect  or  defects  which  appear  to  be  capable  of 
bringing  on  the  disease,  must  it  not  be  thought. that  the  human  organism 
is  so  dependent  on  the  regulatory  influence  of  radiant  energy  or  of  X, 
that  rickets  can  develop  even  when  the  diet  is  well  constituted, — in 
other  words,  that  the  human  organism  is  extraordinarily  susceptible 
to  rickets?  No  single  defect  (aside  from  a  possible  insufficiency  of  X) 
is  common  to  the  diets  of  all  rachitic  children.  Some  infants  develop 
rickets  on  foods  which  do  not  produce  rickets  in  others.  Infants  may 
develop  rickets  even  when  a  diet  is  composed  of  breast  milk.  Premature 
infants  usually  develop  rickets,  even  when  the  food  is  breast  milk. 
These  facts  make  it  necessary  to  conclude  that  the  human  organism  is 
peculiarly  dependent  on  the  presence  of  radiant  energy  or  its  equivalent 
in  the  food,  and  that  rickets  may  develop  when  the  organism  is  deprived 
of  them,  even  though  the  diet  be  what  is  commonly  considered  well 
constituted. 
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If  the  view  just  stated  is  true,  then  rickets  is  purely  a  deficiency  dis- 
ease. Is  such  a  conception  untenable?  Of  course,  one  would  not 
expect  to  find  the  relationship  between  rickets  and  the  diet  so  obvious 
as  between  scurvy*  and  the  diet,  since  in  the  case  of  rickets  the  de- 
ficiency in  X  can  be  compensated  for  by  radiant  energy  in  the  environ- 
ment. Yet  if  rickets  and  scurvy  are  compared,  numerous  points  of 
similarity  are  found.  In  both  diseases  the  incidence  among  infants 
is  much  greater  than  among  adults.  Under  unusual  circumstances 
great  groups  of  adults  have  become  the  victims  of  scurvy,  and,  during 
the  great  war,  numbers  of  adults  in  Austria  and  Germany  became  vic- 
tims of  osteomalacia.  One  reason  that  rickets  occurs  less  commonly 
in  adults  than  in  children  is  that  the  adult  has  a  more  varied  diet  than 
has  the  child.  The  chief  reason,  however,  lies  in  the  fact  that  the 
adult  resists  far  more  those  influences  producing  rickets  than  does  the 
child.  All  who  have  attempted  the  experimental  production  of  rickets 
in  animals  are  agreed  that  old  animals  are  more  resistant  than  young 
animals  to  the  development  of  rickets,  and  that  rickets  tends  to  undergo 
spontaneous  cure  with  increasing  age.  As  already  pointed  out,  the 
younger  the  organism,  the  greater  the  dependence  on  radiant  energy 
in  the  environment  or  on  the  factor  X  in  the  food,  and  the  more  intimate 
the  relationship  between  these  factors  and  the  phenomenon  of  growth. 
Growth,  however,  never  entirely  ceases.  The  formation  of  new  tissue 
and  the  destruction  of  old  goes  on  continuously,  even  in  extreme  old  age. 
Rickets  differs  from  the  other  deficiency  diseases,  so  far  as  present 
knowledge  extends,  in  that  the  deficiency  must  be  two  fold. 

There  are  two  great  arguments  in  favor  of  the  conception  that  rickets 
is  a  deficiency  disea.sc.  One  argument  lies  in  the  following  fact:  The 
striking  features  in  the  occurrence  and  associations  of  rickets  can  be 
explained  by  the  occurrence  of  radiant  energy  in  the  environment  or  of 
X  in  the  food.  The  negro  and  Italian  children  in  American  cities 
are  especially  susceptible  to  rickets  because  the  pigment  of  their 
skin  partially  insulates  them,  so  to  speak,  from  the  sun's  rays,  and  makes 
them  derive  less  benefit  from  that  soiu'ce  than  do  fair  skinned  children. 
The  diets  of  the  negro  and  Italian  child  in  our  American  cities  are 
notoriously  lacking  in  those  foods  whicii  carry  fat-soluble  A  and  pre- 
miinably  X.  The  negro  child  in  ,\frica  does  not  develop  rickets  because 
he  livcH  out  of  doors  and  is  nursed  by  a  mother  who  eats  food  presum- 
ably rich  in  X  (green  leaves).  Chinese  and  Japanese  children  do  not 
develop  rickets  l)ecause  they  live  out  of  doors  and  are  l)reaHt-fed  by 
mothers  whodc  diets  contniti  food^  rich  in  fMl-s()hil>l<'  A  mihI  presumably 
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in  X.  The  children  of  the  Esquimaux  do  not  develop  rickets,  though 
they  live  in  dark  huts  and  for  one-half  of  the  year  are  in  the  Arctic 
twilight,  because  they  are  breast-fed  by  mothers  who  eat  large  quantities 
of  fats  abounding  in  X  and  are  weaned  to  diets  containing  X.  The 
seasonal  variation  of  rickets  is  to  be  explained  on  the  ground  of  the 
seasonal  variation  in  the  richness  of  the  solar  spectrum  in  ultraviolet 
radiations,  as  pointed  out  by  Hess,  but,  also,  by  the  seasonal  variations 
in  foods  which  contain  X.  The  incidence  of  rickets  varies  with  the 
deficiency  in  radiant  energy  and  X,  and  not  with  any  other  factors 
which  our  present  knowledge  permits  us  to  pick  out.  The  association 
of  rickets  with  scurvy  is  also  in  accord  with  the  theory  that  rickets  is  a 
deficiency  disease.  It  will  probably  be  shown  that  a  whole  group  of 
foods  which  are  rich  in  the  antiscorbutic  vitamine  are  also  rich  in  X. 

The  other  argument  which  amounts  to  proof  is  as  follows: — The 
addition  of  X  to  the  diet  or  of  radiant  energy  to  the  environment 
invariably  cures  rickets,  if  established,  or  prevents  its  development 
without  change  of  the  diet  or  conditions  of  life. 

The  whole  subject  of  the  etiologj'^  of  rickets  is  extraordinarily  com- 
plex, and  the  clear  presentation  of  the  facts,  not  to  mention  the  correct 
interpretation,  is  most  difficult.  At  the  risk  of  falling  into  pitfalls, 
however,  it  seems  wise  to  attempt  to  draw  a  parallelism  between  rickets 
and  diabetes, ^^  which  will  make  clear  the  views  of  the  present  writer. 
Diabetes  is  a  deficiency  disease  in  the  sense  that  an  internal 
secretion  essential  for  the  maintenance  of  normal  metabolism 
is  deficient.  Rickets  is  a  deficiency  disease  in  the  sense  that  radiant 
energy  and  a  factor  X  are  deficient.  Diabetes  is  a  disturbance  in  the 
carbohydrate  metabolism.  Rickets,  as  we  know-  it,  is  a  disturbance 
in  the  metabolism  involving  in  particular  the  calcium  and  phosphorus. 
It  is  possible  to  influence  diabetes  by  means  of  the  diet  in  two  ways: 
directly,  by  feeding  diets  rich  in  carbohydrate,  substances  which  the 
organism  finds  it  most  difficult  to  metabolize;  and  indirectly,  by  diets 
which  are  unsuitable  in  a  general  sense  in  that  they  do  not  meet  the 
general  requirements  of  the  organism.  In  like  manner,  it  is  possible 
to  influence  rickets  by  means  of  the  diet  in  two  ways:  directly,  by 
feeding  diets  having  specific  salt  defects  or  defects  of  an  unknown 
nature  which  load  down  the  disabled  mechanism  governing  the  salt 
regulation  of  the  body;  and  indirectly,  by  diets  which  are  unsuitable 
for  the  general  requirements  of  the  organism.  In  both  diseases  the  diet 
can  increase  or  diminish  the  metabolic  disturbance  according  as  it 

'*The  differences  between  rickets  and  diabetes  are  of  course  appreciated. 
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strains  or  spares  the  metabolism  at  its  weak  point;  in  both  diseases  the 
diet  can  increase  or  diminish  the  metaboUe  disturbance  according  as 
it  fails  or  succeeds  in  meeting  the  general  requirements  of  metabolism. 
In  diabetes  the  diet  is  not  the  cause  of  the  disease;  the  cause  lies  in  an 
insufficiency  in  the  internal  secretion  of  the  pancreas.  So,  also,  in 
rickets  the  diet  (considered  apart  from  X)  is  not  the  cause  of  the  disease. 
The  cause  lies  in  a  deficiency  in  the  regulatory  influence  of  radiant 
energy  or  the  unknown  factor  in  the  food.  In  both  diseases,  the  diet 
exercises  a  profound  influence,  not  in  bringing  the  disease  into  being, 
but  in  determining  the  extent  and  character  of  its  manifestations.  It 
is  well  known  that  a  whole  variety  of  conditions  exerts  an  unfavorable 
influence  in  diabetes.  Among  them  may  be  mentioned  infection, 
fatigue,  lack  of  muscular  exercise,  bad  hygienic  surroundings,  exposure 
to  cold,  mental  anxiety,  etc.  These  conditions  exert  their  unfavorable 
influence  in  diabetes  because  they  weigh  down  an  organism  already 
handicapped  by  a  disabled  mechanism.  In  exactly  the  same  way 
confinement,  infection,  bad  hygienic  surroundings  (considered  apart 
from  the  absence  of  radiant  energ>')>  exercise  a  deleterious  influence 
in  rickets,  further  weakening  an  organism  already  suffering  from  a 
disabled  metabolism.  Since  rickets  is  a  disease  of  metabolism  and  the 
substances  to  be  metabolized  are  the  foods,  the  diet  can  exert  a  more 
direct  influence  than  can  conditions  such  as  those  mentioned,  with  the 
exception  of  infection. 

The  general  character  of  the  relationship  of  infantile  tetany  to  rickets 
has  become  apparent,  but  the  exact  nature  of  the  metabolic  disturbance 
necessary  for  the  development  of  tetany  continues  to  remain  obscure. 
Apparently  the  disturbance  in  the  salt  e(iuilibrium  of  the  blood  in 
rickets  occurs  chiefly  in  two  forms:  in  one  the  calcium  is  low  and  the 
inorganic  phosphorus  somewiiere  near  the  normal;  in  the  other  the 
phosphorus  is  low  and  the  calcium  is  somewhere  near  the  normal. 
Between  the  two  are  innumeral)le  gradations.  Tetany  is  a  symptom- 
complex  which  occurs  in  rickets  when  the  salt  equilibrium  in  the  blood 
happens  to  l)o  of  a  kind  whicii  sets  the  nervous  system  in  a  state  of 
hyper-excitability.  Apparently  the  disturbance  in  the  salt  equilib- 
rium in  rickets  which  is  provocative  of  the  syinptom-(!omplcx,  in- 
fantile t<*tany,  is  the  one  characterized  ])y  low  calcium  and  it  is  with  the 
low  calcium  form  of  rickets  1  hut  manifest  tetany  is  associated.  If  tetany 
can  l)C  consichircd  u  clis<'jiMe,  then  it  is  the  same  deficiency  disease  as 
rickets;  it  is  curotl  and  prevented  by  exactly  the  same  means  and  dif- 
fers from  rickets  only  in  the  fact  that  the  salt  e(|iiilil)ri(iin  in  the  blood 
happens  to  assume  a  s|)ccial  form  or  forms. 
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No'  treatment  of  the  etiology  of  rickets  can  be  complete  without  a 
discussion  of  the  pecuhar  susceptibility  of  the  premature  infant  to 
rickets  and  tetany.  Premature  infants  are  usually  kept  in  poorly 
ventilated  rooms  which  are  often  super-heated  and  dark;  they  are  closely 
wrapped  and  are  placed  less  frequently  than  are  children  born  at  term, 
in  fresh  air  and  sunlight.  These  facts  alone  are  not  sufficient  to  explain 
the  frequency  of  the  occurrence  of  rickets.  The  premature  infant  differs 
from  the  baby  born  at  term  in  several  particulars.  He  has  low  basal 
metabolism  and  is  able  neither  to  generate  the  heat  necessary  for  nor 
to  maintain  normal  body  temperature;  he  has  little  subcutaneous  fat 
and  metabolizes  fat  poorly ;  in  proportion  to  his  size  he  grows  with  great 
rapidity.  Hamilton  has  made  important  observations  on  the  metab- 
olism of  premature  infants.  During  the  last  three  months  of  fetal 
life  a  storage  of  calcium  takes  place  in  the  body  of  the  fetus  and  during 
the  first  few  months  of  life  after  birth  the  infant  is  obliged  to  draw  on 
this  calcium  depot.  In  contrast  to  the  child  born  at  term,  the  prema- 
ture infant  has  no  calcium  depot  (or  a  deficient  one)  and  is  destined 
to  suffer  from  calcium-want  provided  calcium  is  not  abundantly  sup- 
plied in  the  food.  The  calcium  which  the  premature  infant  receives 
in  his  breast  milk,  however,  is  not  greatly  in  excess  of  the  amount 
actually  excreted.  Hamilton's  investigations  suggest,  therefore,  that 
the  frequent  occurrence  of  rickets  in  the  premature  baby  may  be  caused 
by  a  deficiency  in  calcium  and  possibly  in  phosphorus. 

The  suggestion  of  Hamilton  may  furnish  part  of  the  explanation. 
It  seems  probable,  however,  that  the  great  susceptibility  of  the  pre- 
mature infant  to  rickets  results  chiefly  from  the  immaturity  of 
the  organism  and  great  impetus  for  growth.  The  premature  infant 
cannot  be  regarded  as  normal  and  indeed  does  not  overtake  the 
child  of  the  same  conceptional  age  until  five  or  six  years  have 
elapsed.  Moreover,  his  growth  stimulus  is  enormous.  The  premature 
infant  must,  therefore,  be  far  more  dependent  on  radiant  energy 
and  on  X  than  the  child  born  at  term  and  suffers  more  rapidly  and 
severely  when  deprived  of  them.  The  child  of  four  is  more  susceptible 
to  rickets  and  develops  the  disease  more  rapidly  than  the  adult,  the 
child  of  one  year  than  the  child  of  four,  the  new-born  baby  than  the 
infant  of  one  year,  the  premature  baby  than  the  infant  born  at  term, 
and  the  very  small  premature  baby  than  the  larger  premature  baby. 
According  to  Yllpo  very  small  premature  infants  always  develop 
rickets.  The  susceptibility  to  rickets  varies  inversely,  therefore, 
with  the  age  and  culminates  in  the  premature  infant.  To  state  the 
fact  in  another  way,  the  susceptibility  to  rickets  varies  directly  with 
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the  youngness  of  the  organism  or  the  speed  of  new  tissue  formation. 
A  theorj^  similar  to  the  one  just  presented  has  been  advanced  by  Yllpo  ta 
explain  the  frequency  of  occurrence  of  anemia  in  the  new-born  infant. 
Doubtless  rickets  and  anemia  are  sister  conditions  and  both  are  ex- 
pression of  the  inability  of  the  organism  properly  to  discharge  its 
metaboUc  functions  when  thrown  on  its  own  resources  in  an  unfriendly 
environment  without  being  properly  prepared. 

In  1906  Hansemann  wrote  one  of  the  great  papers  on  rickets,  by  far 
the  greatest  written  on  the  etiology  of  the  disease.  Hansemann  per- 
ceived that  man  in  his  struggle  for  existence  against  the  forces  of  nature 
had  created  a  whole  fabric  of  abnormal  conditions,  and  in  so  doing  had 
altered  his  own  habits  and  ways  of  living  as  completely  as  he  had 
altered  the  habits  and  ways  of  living  of  the  domestic  animals  which  he 
had  made  dependent  upon  him.  "Domestication,"  wrote  Hansemann, 
"does  not  relate  merely  to  those  things  which  pertain  to  the  house, 
as  the  derivation  of  the  word  might  indicate,  but  refers  to  every  effort 
on  the  part  of  man  to  further  the  survival  of  the  race  and  of  the  individual 
by  artificial  means  and  to  aid  in  the  struggle  against  the  forces  of  nature. 
By  this  definition  it  becomes  at  once  apparent  that  not  alone  does 
man  domesticate  animals  but  has  domesticated  himself,  a  fact  clearly 
recognized  by  Darwin."  According  to  Hansemann,  rickets  is  the  direct 
result  of  domestication  and  a  penalty  that  man  pays  for  the  artificial 
structure  which  he  has  created.  The  writers  on  rickets  seem  to  have 
assumed  that  Hansemann's  conception  referred  only  to  the  environ- 
mental conditions  of  the  individual;  clearly  his  conception  included 
also  the  food.  The  food  which  domesticated  man  eats  is  as  far  re- 
moved from  the  food  furnished  by  nature  than  the*  conditions  under 
which  he  lives  from  the  natural  conditions.  Recent  progress  in  the 
understanding  of  rickets  has  served  merely  to  give  Hansemann's  con- 
ception more  exact  definition.  Rickets  is  indeed  a  price  paid  by  man 
for  his  abandonment  of  a  life  out-of-doors  and  a  natural  diet  for  a 
life  in  houses  and  a  diet  of  denatured  foodstuffs;  it  is  a  sign  of  the 
operation  of  the  immutable  law  of  nature  that  nothing  out  of  accord 
with  her  shall  flourish. 

May  I  express  my  great  indebtedness  to  Dr.  Grover  Powers  for  his 
most  helpful  criticism  and  Huggcstiotis  both  iu  regard  to  the  construction 
ci  the  paf)er  and  also  the  thought. 
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VOLUME  CHANGES  OF   THE   HEART 

YANDELL  HENDERSON 
Yale  University,  New  Haven,  Conn. 

The  stroke  volume  of  the  heart  is  probably  both  for  physiological 
and  clinical  purposes  the  most  important  quantitative  function  of  the 
whole  body.  It  is  much  more  important  than  the  exact  amount  of 
arterial  pressure,  for  the  amplitude  of  the  heart's  volume  change  at 
each  beat  multiplied  by  the  pulse  rate  gives  the  volume  of  arterial 
blood  supplied  to  the  entire  body.  Indeed  it  is  particularly  from  this 
aspect  that  at  the  present  time  the  problem  is  assuming  an  importance 
which  is  becoming  imperative  in  relation  to  questions  of  the  oxygen 
supply  of  the  body,  the  blood  gases,  and  the  coordination  of  the  circula- 
tion with  respiration  during  muscular  work  (Bainbridge),  in  condi- 
tions of  asphyxia,  and  in  disease. 

Three  hundred  years  ago  Harvey  solved  qualitatively  the  problem 
of  the  volume  changes  of  the  heart  when  he  showed  that  the  ventricles 
are  dilated  during  diastole  by  the  blood  returning  through  the  veins. 
As  he  saw  it,  this  blood  is  forced  by  the  contraction  of  the  auricles  into 
the  ventricles,  and  is  in  turn  discharged  by  them  during  systole.  Harvey 
scarcely  attempted,  however,  except  in  the  roughest  fashion,  to  deter- 
mine in  quantitative  terms  the  exact  volume  of  blood  discharged  at 
each  beat.  In  spite  of  many  investigations  devoted  to  this  end  in 
modern  times,  our  textbooks  still  contain  merely  qualitative  informa- 
tion; and  this  problem  is  only  now  approaching  quantitative  solution. 
We  do  indeed  know  much  regarding  the  mechanism  of  the  heart,  but 
the  coordination  and  correlation  of  this  organ's  behavior  with  all  the 
other  functions  of  the  organism  acting  as  a  whole,  are  still  a  matter  of 
gaps,  guesses,  and  possibly  error. 
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By  analogy  with  respiration  it  might  be  supposed  that  the  heart's 
tidal  volume  at  a  beat  is  a  widely  variable  quantity.  Certainly  any 
one  who  compares  his  own  sensations  when  the  heart  is  beating  quietly, 
and  when  it  is  pounding  in  his  chest  after  vigorous  muscular  work,  such 
as  a  run,  gains  this  impression.  Sketched  in  its  main  outlines,  respira- 
tion behaves  as  follows:  The  rate  varies  from  about  15  per  minute  at 
rest,  up  to  40  or  more  per  minute  during  exercise.  Its  amplitude  va- 
ries from  300  or  500  cc.  up  to  four  or  five  times  as  large  volumes  of  tidal 
air.  In  an  athelete  with  increasing  exercise  it  is  usually  the  amplitude 
of  the  breaths  which  alone  increases  at  first;  the  rate  accelerating  only 
after  a  maximal  or  nearly  maximal  amplitude  is  reached.  Within  wide 
limits  also  the  volume  of  air  breathed  is  such  that  the  oxygen  deficit  and 
CO2  content  of  the  expired  air  are  each  about  4  per  cent;  indicating 
that  in  general  the  total  volume  of  breathing  is  directly,  if  roughly, 
proportional  to  the  oxygen  consumption  and  energj'^  expenditure  of  the 
body.  This  proportionality  holds  even  more  exactly  of  the  pulmonary 
ventilation,  for  its  variations  consist,  as  Haldane  and  Priestley  showed, 
of  variations  in  the  amount  of  alveolar  air  of  nearly  uniform  CO2  con- 
tent replaced  by  fresh  air  at  each  breath. 

On  comparing  the  heart  with  this  behavior  of  the  respiratory  appara- 
tus we  find  that  the  heart  likewise  varies  its  rate  two-  or  threefold,  from 
about  70  per  minute  up  to  150  per  minute  or  more;  but,  unlike  respira- 
tion, its  rate  rises  even  with  slight  exertion,  and  increases  progressively 
with  each  increa.se  of  muscular  effort.  How  then  docs  its  amplitude  of 
beat  vary?  According  to  the  all  or  nothing  law  each  beat  is  maximal 
under  the  conditions  prevailing.  But  does  the  law  apply  to  this  matter, 
and  what  are  the  conditions? 

Two  CONTRASTING  THEORIES.  Progrcss  in  regard  to  this  problem 
will  be  most  a.s8istcd  if  we  first  formulate  the  two  extreme  alternative 
conceptions  of  the  heart's  behavior,  and  show  the  underlying  i)rinciples 
of  the  variations  in  the  rate  of  circulation  of  the  blood  according  to  each 
conception.  We  may  then  compare  these  conceptions  with  the  evi- 
dence which  the  literature  affords.  It  must  not  bo  assumed,  however, 
that  one  conception  necessarily  excludes  the  other,  for  up  to  a  certain 
point  the  heart  may  behave  according  to  one,  and  beyond  that  point 
aooording  to  the  other,  or  in  somo  intcrtnrdi'i  M(«r;  and  during  ex- 

treme muscular  exertion  yet  another  and  ihok  abnonual  behavior 

may  occur.  The  range  of  cardiac  activity  which  we  shall  consider  is 
that  lying  between  bodily  rest  with  an  oxyc  -  uniption  of  300  cc. 
p<'r  minute  or  less,  and  a  pulMc  of  70  or  h's  ,     ;  m  exertion  such  as 
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can  be  sustained  by  a  vigorous  man  for  a  considerable  time  and  involv- 
ing an  oxygen  consumption  of  about  2,000  cc.  per  minute  and  a  pulse 
rate  of  about  150  per  minute. 

The  first  and  commonly  held  conception  of  the  circulation  may  be 
termed  the  theory  of  variable  amplitude  of  heart  beat.  It  is  based  on 
the  assumption  that  the  circulation  rate — the  volume  of  blood  pumped 
into  the  aorta  per  minute- — is  proportional  to  the  oxygen  consumption 
of  the  whole  body;  the  circulation  would  thus  in  general  be  analogous 
to  respiration  in  its  behavior.  As  the  oxygen  consumption  of  the  body 
may  increase  800  or  1000  per  cent  over  the  resting  value,  while  the  rate 
of  heart  beat  increases  only  about  150  or  200  per  cent,  that  is,  60  beats 
per  minute  during  rest  and  150  to  180  during  intense  exertion,  it  is 
evident  that  this  conception  necessarily  involves  the  assumption  that 
the  amplitude  of  the  heart  beat,  its  systolic  discharge  or  stroke  volume, 
is  variable.  In  this  respect  also  the  heart's  behavior  would  be  like 
that  of  breathing.  The  result  of  this  condition  would  be  that,  alike  at 
rest  and  during  work,  the  average  venous  blood  returning  to  the  right 
heart  and  mixed  in  its  chambers  would  contain  a  nearly  unvar>'ing 
amount  of  oxygen,  and  of  course,  therefore,  an  unvarying  deficit  below 
that  in  the  arterial  blood.  With  this  uniform  "oxygen  utilization," 
the  partial  pressure  of  oxygen  in  the  tissues  would  also  be  (presunxably) 
unvarying  and  as  high  during  work  as  during  rest;  an  obvious  advantage. 

The  second  and  alternative  conception  is  that  of  a  nearly  uniform 
maximal  heart  beat.  According  to  it,  the  heart  action  is  essentially 
unlike  the  respiratory  movements  of  the  chest,  and  there  is  a  varying 
relation,  instead  of  direct  proportionality,  between  the  body's  oxygen 
consumption,  or  energy  expenditure,  and  the  circulation  rate.  The 
result  would  be  that  during  rest  the  mixed  venous  blood  in  the  right 
heart  would  contain  only  a  little  less  oxygen  than  that  in  the  left ;  during 
heavy  work,  on  the  contrary,  the  amount  of  oxygen  utilized  out  of  unit 
volume  of  blood  in  its  passage  through  the  tissues  would  render  the 
(average  mixed)  venous  blood  far  lower  in  oxygen  than  the  arterial. 
The  partial  pressure  of  oxygen  in  the  tissues  during  work  might  be 
lowered  correspondingly.     (But  see  p.  180.) 

In  the  first  conception  the  reserve  of  the  circulation,  its  factor  of 
safety,  is  almost  wholly  in  the  heart  itself,  in  its  variations  both  of  stroke 
volume  and  rapidity  of  beat.  In  the  second  conception,  the  heart 
contributes  only  its  ability  for  variation  of  rate,  but  not  of  amplitude, 
to  the  factor  of  safety  and  to  the  flexibility  of  the  adjustment  of  the 
circulation  to  the  body's  demands.     The  remainder  of  the  margin  of 
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safety,  in  respect  to  the  utilization  of  oxygen  from  the  blood  by  the' 
tissues  and  especially,  the  working  muscles,  amounting  to  about  ten 
times  the  resting  value,  lies  in  the  fact  that  the  blood  contains  from 
three  to  five  times  as  much  hemoglobin  as  a  healthy  man  utilizes  for 
oxj'gen  transportation  during  rest.  Thus  if  the  heart  rate  rises  to  three- 
fold and  the  oxj-gen  utilization  to  three  and  a  third,  we  have  (3  X  3.33  = 
10)  a  tenfold  variation,  even  with  a  uniform  stroke  volume.  The 
latter  conception  has  thus  two  considerations  to  support  its  probability : 
one  physiological,  the  other  pathological.  It  explains  easily  why  the 
corpuscles  and  hemoglobin  are  maintained  at  four  times  the  amount 
for  which  there  is  use  during  rest;  and  it  explains  why  an  anemic  person 
is  easily  out  of  breath  even  on  slight  exertion,  which  according  to  the 
first  theory  should  not  be  the  case. 

For  the  sake  of  still  greater  sharpness  of  contrast,  let  us  put  these 
conceptions  into  figures  and  thus  compare  in  detail  the  conditions 
involved.  Suppose  a  man  of  strong  physique  (such  as  Douglas,  the 
subject  of  the  most  valuable  experiment  in  the  recent  paper  of  Douglas 
and  Haldane,  whose  data  are  here  rearranged  and  generalized)  weigh- 
ing 66  kilos,  who  consumes  250  cc.  of  oxygen  at  rest  with  a  pulse  of  60, 
and  2,000  cc.  of  oxygen  per  minute  with  a  pulse  rate  of  150  when  work- 
ing on  a  bicycle  ergometer.  His  oxygen  pulse,  a  term  introduced  by 
Henderson  and  Prince  (1914)  to  express  the  oxygen  consumption  di- 
vided by  the  pulse  rate,  or  the  amount  of  oxygen  which  the  heart  for- 
wards to  the  tissues  at  each  beat,  is  4.16  cc.  during  rest  and  13.3  during 
work.  How  would  the  circulation  transport  the  greater  amount  of 
oxygen  during  work  according  to  the  two  conceptions?  Suppose  that, 
in  accord  with  the  first  conception,  the  l)lood  (hiring  bodily  rest  loses 
6  volumes  per  cent  of  oxygen  on  the  average  in  passing  through  the 
tissues  of  the  body,  and  that  the  same  rate  of  oxygen  utilization  is 
maintained  during  work;  in  otiier  words,  that  alike  in  work  and  rest 
the  blood  in  the  right  heart  contains  6  cc.  less  of  o.xygen  per  100  cc.  of 
blood  than  that  in  the  left  heart.  Evidently  then  the  rate  of  circula- 
tion, or  total  blood  di.schargiul  into  the  aorta  per  nuimt(\  must  viiry  in 
direct  proiK)rtion  to  the  oxygen  consumption.  The  blood  How  (hu'ing 
bodily  H'Ht  would  therefore  Ih^  416()  cc.  [km*  minute,  and  that  during 
work  .'W,.'W.'i  cc.  Kach  divided  by  llic  pulse  rate  gives  tiu»  stroke  vol- 
ume of  the  left  ventricle:  (iO.l  cc.  of  blood  for  rest  and  222  cc.  for  work. 
Tliesc  rclatioHH  are  hIiowu  in  table  1  A. 

On  the  other  hand  wuppoHc  that  with  the  same  data  of  oxyg(Mi  con- 
•umption,  ()uIm4:  rate  and  oxygi'n  pulse,  we  should  find  that  the  oxygen 
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utilization  during  rest  is  only  3.33  volumes  per  cent,  while  during  work 
it  is  10.7:  a  relation  which  would  still  leave  6  or  7  volumes  per  cent  of 
oxygen  unutilized  in  the  venous  blood,  since  the  arterial  blood  contains 
about  18  cc.  of  oxygen  per  100  cc.  of  blood.  Then  the  circulation  in 
rest  would  be  7,500  cc.  of  blood  per  minute  and  during  work,  18,700 
cc;  and  alike  during  rest  and  work  the  stroke  volume  would  be  125 
cc.     These  relations  are  shown  in  table  1  B. 

TABLE  1 

Illustrating  two  contrasting  conceptions  of  stroke  volume  and  circiilation  rate 
Subject,  man,  66  kilos 
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minute 
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minute 
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4.16 

6 
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69 
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Variable     amplitude     of 
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2000 
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13.3 

6 

33, 333 

222 

Work 

beat  and  stroke  volume, 
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oxygen  consumption 

B 
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60 

4.16 

3.33 
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Rest 

Uniform     maximal     beat 

\ 

2000 

150 

13.3 

10.7 

18,700 

125 

Work 

with  varying  relation  of 

circulation       rate       to 

oxygen  consumption 

The  evidence  regarding  these  alternative  conceptions  lies  in  a  number 
of  quite  separate  fields,  which  we  shall  now  survey. 

Limiting  anatomical  conditions.  It  is  highly  probable  that  during 
health  even  the  largest  systolic  contractions  never  entirely  empty  the 
ventricles.  Both  plethysmographic  observations  on  the  heart  (the 
volume  curve)  and  x-ray  pictures  support  the  older  evidence  (as  re- 
viewed by  Tigerstedt,  1893  and  1907)  that  at  the  end  of  systole  a 
considerable  volume  of  blood  remains  in  the  ventricles;  at  least  a  quar- 
ter, perhaps  a  third,  or  even  a  half  as  much  as  the  systole  discharges 
into  the  arteries.  The  systolic  size  of  the  heart  depends  both  on  tonus 
and  on  the  amplitude  of  contraction.  The  diastolic  size  depends  upon 
tonus  and  amplitude  of  relaxation,  amount  of  venous  pressure  and 
inflow,  and  finally  upon  the  pericardial  sack. 
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The  heart  is  not  free  to  expand  indefinite!}',  for  one  need  only  inspect 
the  heart  of  an  animal  killed  quickly  by  asphyxia  to  see  the  chambers 
so  distended  that  the  pericardial  sack  is  stretched  tight.  Barnard 
(with  Leonard  Hill)  showed  that  the  pericardium  is  practical!}^  inex- 
tensible,  and  that  it  can  bear  a  pressure  of  1^  to  If  atmospheres.  He 
found  that  the  dead  heart,  in  which  tonus  is  completely  absent,  can 
expand  to  twice  the  size  upon  opening  the  pericardium  that  it  can  with 
the  pericardium  intact.  Evans  and  Matsuoka  found  an  increased 
gaseous  exchange  in  the  heart,  indicating  increased  work,  after  opening 
the  pericardium.  Kuno  (with  Starling)  found  in  the  heart-lung  prepa- 
ration that  opening  the  pericardium  had  a  very  distinct  effect  in  increas- 
ing the  amount  of  blood  pumped  by  the  heart  when  the  venous  inflow 
was  large.  In  particular  the  pericardium  seemed  to  protect  the  right 
heart  from  over  distention.  His  opinion  "that  the  pericardium  exer- 
cises under  every  condition  of  venous  inflow  a  certain  amount  of  re- 
sistance to  the  diastolic  expansion  of  the  heart,  which  increases  with 
any  increase  in  the  heart  volume,"  seems  however,  very  improbable. 
His  opinion  that  "the  existence  of  the  pericardium  is  necessary  for  the 
unimpaired  working  of  the  heart  in  normal  life"  is  negatived  by  the 
investigations  of  Yamada,  who  (working  in  association  with  Kuno  later) 
found  that  animals,  in  which  the  pericardium  had  been  cut  open  asepti- 
cally,  the  chest  closed  again,  and  the  subjects  restored  to  normal  health, 
were  able  to  make  vigorous  physical  exertion  with  no  injury  to  the 
heart.  He  offers  the  very  probable  explanation  that  during  increased 
rapidity  of  l^eat,  the  corresponding  increase  of  tonus  prevents  the 
ventricles  from  dilating  so  far. 

It  seems  probable  from  these  observations  and  from  the  volume 
curve  (see  below),  that  if  the  pericardium  in  a  normal  man  or  animal 
limits  the  extent  of  dilatation  at  all,  this  occurs  only  during  a  period  of 
very  slow  l)cat8  and  very  low  tonus  during  sleep :  it  is  not  protective 
against  cardiac  strain.  All  the  ordinary  vohuno  chatigos  of  the  heart 
probably  fall  short  of  either  of  the  limits  of  diustolic  distention  and 
systolic  contraction  thus  defined,  and  depend  upon  the  behavior  of  the 
heart  itself  imder  the  control  of  nervous,  chemical  and  mechanical 
conditioriM,  the  latter  chiefly  venous  pressure.  It  is,  how(>v(M-,  of  some 
interest  to  know  the  possible  maximal  volume  change  in  man  between 
these  limits. 

To  determine  this  point  Henderson  and  Prince  (1014)  made  the 
following  observations:  f)n  six  cadavers  at  autopsy,  3  men  and  3  women, 
water  was  run  into  the  pericardial  sack,  through  a  funn(>l,  rubber  tube 
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and  hollow  needle,  up  to  maximal  distention,  and  the  amount  was 
measured.  The  volumes  of  blood  obtained  from  the  heart's  chambers 
later  in  the  autopsy  were  also  measured.  The  sum  of  the  two  measure- 
ments gave  figures  of  650,  700  and  620  cc.  respectively  in  the  men;  and 
in  the  women,  633,  430  and  350  cc.  As  two  of  the  men  were  young  and 
of  good  muscular  development,  700  cc.  represents  a  fair  estimate  of  the 
normal  maximum  volume.  Bohr  had  previously  made  similar  deter- 
minations on  the  pericardial  sack  of  the  horse  and  found  2  liters  for 
each  side  of  the  heart  in  a  horse  of  500  kgm.  He  concluded  that  even  if 
the  heart  passed  from  the  greatest  distention  which  the  sack  would 
allow  down  to  complete  emptiness  at  each  stroke,  the  systolic  discharges 
would  be  insufficient  to  allow  an  oxygen  transportation  equal  to  the 
maximum  oxygen  consumption  of  the  animal  during  hard  work  found 
by  Zuntz  and  Hagemann;  Bohr  (with  Henriques)  was  thus  trying  to 
show  a  considerable  consumption  of  oxygen  in  the  lungs,  a  concep- 
tion no  longer  supported  by  anyone.  Zuntz  (1911  and  1912)  in  answer- 
ing Bohr  and  Putter  had  the  matter  reinvestigated  by  Miiller  (1911), 
who  found  the  total  pericardial  volume  in  the  horse  0.78  to  0.93  liter 
per  100  kgm.,  virtually  agreeing  with  Bohr's  figures.  Some  observa- 
tions on  dogs  and  rats  in  this  laboratory  (unpublished)  have  yielded 
figures  of  the  same  order  in  cubic  centimeters  per  kilo. 

If  we  use  the  figure  700  cc.  for  the  pericardial  volume  in  man  and 
assume  that  each  auricle  has  half  the  capacity  of  its  ventricle,  we  have 
233  cc.  as  the  extreme  volume  which  the  sack  would  allow  each  ventricle 
to  expand  and  contract.  According  to  the  theory  of  variable  systohc 
discharges,  as  shown  in  table  1  A,  such  a  man  as  is  there  considered 
must  have  a  stroke  volume,  if  the  first  theory  is  correct,  of  222  cc.  when 
the  amount  of  body  exertion  consumes  only  2,000  cc.  of  oxygen  per 
minute.  As  a  vigorous  man  may  do  far  more  work  than  this  and  con- 
sume a  much  larger  amount  of  oxygen  per  minute,  the  first  theory  in 
its  strictest  form  would  seem  to  require  that  for  an  oxygen  consumption 
of  3,000  cc.  per  minute,  the  ventricles  should  be  distended  to  the  full 
amount  that  the  pericardial  sack  would  allow  during  diastole,  and 
contract  to  the  obliteration  of  the  chambers  during  systole;  and  even 
then  the  heart  would  fall  short  of  accomplishing  its  task.  Hiffelsheim 
found,  by  filling  the  ventricles  with  wax,  a  capacity  of  only  156  cc.  for 
the  left  ventricle  of  man,  and  the  right  slightly  larger.  Keller  has  made 
similar  measurements. 

To  sum  up,  the  pericardial  volume  for  all  the  animals  and  men  ob- 
served is  about  3,5  to  5.0  cc.  per  kilo  body  weight  for  each  side  of  the 
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heart.  It  will  be  sho^^^l  below  that  the  maxmium  stroke  volume  of 
each  ventricle  is  probably  about  1.5  to  2.0  cc.  per  kilo  for  all  vigorous 
mammals. 

Equations  of  oxygen  consumption  and  blood  circulation.  In 
considering  the  investigations  to  be  reviewed  below,  it  is  essential  to 
keep  particularly  in  mind  the  inverse  relation  of  the  stroke  volume  of 
the  heart  to  the  amount  of  oxygen  (in  volumes  per  cent)  utilized  from 
the  blood.  The  oxygen  pulse  (the  oxygen  consumption  divided  by  the 
pulse  rate)  is  easil}'  calculable  for  every  heart  rate  and  degree  of  muscular 
exertion  in  man.  If  then,  for  example,  the  oxygen  pulse,  So,  is  6  cc, 
and  the  oxygen  utilization,  Uo,  is  4  volumes  per  cent,  the  stroke  vol- 
ume, S,  is  necessarily  150  cc;  or  stated  in  general  terms,  the  solution 
of  our  problem  by  the  respiratory  or  blood  gas  method  (as  shown  here- 
after) turns  upon  determining  the  oxygen  utilization  and  then  calculat- 
ing the  stroke  volume  by  means  of  the  expression: 

^  ^  So  X   100 

Uo 

Evidently  if  5  is  a  constant  for  the  individual,  the  relation  of  Uo  to  So 
is  also  constant. 

This  expression  is  a  derivative  of  the  equation  generally  used  in  this 
connection  in  which  M  is  the  minute  volume  or  total  circulation  rate, 
0  is  the  oxygen  consumption  of  the  body  per  minute,  and  Uo  the  oxygen 
utilization  in  volumes  jxjr  cent,  and  wiiich  is  as  follows: 

M  100 


0  Uo 

The  oxygen  pulse  from  such  data  as  are  now  available  appears  to  be 
nearly  uniform  (about  3.5  cc.  to  5.0  cc.  for  a  60  or  70  kilo  man)  at  rates 
l)elow  that  of  sitting  rest  (about  70  beats  per  minute),  rises  rapidly  up 
to  heart  rates  of  100  to  120  iwr  niitiute  (12  to  15  cc.  oxygen  per  beat) 
an<l  then  less  and  less  rapidly  with  further  acceleration  of  the  heart 
rate.  There  are  probably  marked  difTercuccs  between  athletic  and 
sedentary  individualN,  and  (■()nsi(l('i-al)l(>  variations  in  the  indivichial 
dependinf(  upon  the  momentary  degree  of  nervous  excitement,  and 
upon  nether  large  muscle  masses  arc  work(»(l  moderately  or  small 
maaeee  vigorously  with  the  same  oxygc-n  (^ouNiunption. 

To  exprcws  our  problem  in  its  simple  terms:  The  theory  of  a  nearly 
uniform  maximal  heart  lN>at,  as  large  during  rest  as  during  work,  is 
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tenable  only  if  it  can  be  shown  that  in  vigorous  normal  men  and  animals 
the  oxygen  utilization  during  rest  is  quite  small,  3  to  5  volumes  per  cent 
or  less;  but  if  this  condition  can  be  demonstrated  this  theory  is  thereby 
virtually  established.  On  the  other  hand,  the  finding  of  a  stroke  volume 
of  only  0.3  cc,  or  less,  per  kilo  at  a  normal  venous  pressure,  as  in  many 
experiments  by  means  of  the  stromuhr  and  on  the  heart  lung  prepara- 
tion, would  necessitate  the  acceptance  of  the  theory  of  a  considerable 
oxygen  consumption  in  the  lungs:  a  point  on  which  Tigerstedt  (1905) 
has  justified  the  correctness  of  Bohr's  argument. 

In  spite  of  many  opposing  witnesses,  evidence  is  accumulating  that 
the  condition  of  a  very  small  oxygen  utilization  during  rest  is  fulfilled 
in  vigorous  men. 

Observations  by  respiratory  methods.  The  classic  work  of  this 
type  is  that  of  Zuntz  and  Hagemann  on  the  metabolism  of  the  horse 
during  rest  and  work.  In  the  chapter  on  the  work  of  the  heart  in  that 
animal,  using  the  methods  first  suggested  by  Fick  (1870  and  1886), 
they  estimated  the  circulation  rate  from  the  following  data:  a,  amount 
of  oxygen  absorbed,  or  CO2  exhaled  by  the  lungs;  b,  the  amounts  of 
oxygen  and  CO2  in  blood  drawn  from  an  artery;  and  c,  the  amounts  of 
these  gases  in  blood  drawn  from  a  sound  inserted  through  the  jugular 
vein  into  the  right  heart.  The  differences  in  respect  to  the  oxygen  and 
CO2  in  the  arterial  and  mixed  venous  blood  divided  into  the  total  oxygen 
or  CO2  of  respiration  per  minute  gave  the  circulation  rate.  As  the 
average  figures  for  the  best  nine  or  ten  experiments  on  animals  of  the 
average  weight  of  347. G  kgm.  at  rest,  they  found  differences  between 
the  arterial  and  venous  blood  of  7.44  volumes  per  cent  oxygen  and  7.16 
volumes  per  cent  CO2;  and  for  work  differences  of  9.34  for  oxygen  and 
8.17  for  CO2.  Arterial  blood  in  the  rather  poor  horses  used  contained 
14  or  15  volumes  per  cent  of  oxygen,  but  in  vigorous  animals  was  esti- 
mated by  Zuntz  to  contain  19.5.  As  the  oxygen  consumptions  were 
2080  cc.  at  rest  and  5007  cc.  during  work,  the  blood  pumped  out  of  the 
left  heart  per  minute  figured  out  to  29,155  cc.  during  rest  and  53,034 
cc.  during  work.  No  counts  of  the  pulse  rate  are  given  in  their  proto- 
cols, but  the  rates  assumed  were  40  beats  per  minute  in  rest  and  55 
during  work.  The  stroke  volumes  calculate  to  729  cc.  during  rest  and 
964  cc.  during  work,  or  2.09  cc.  per  kilo  body  weight  for  rest,  and  2.77 
cc.  per  kilo  for  work.  (If  70  beats  per  minute  were  assumed  during 
work,  the  systolic  discharge  would  have  been  the  same  as  during  rest.) 
The  attention  of  the  investigators  was  fixed,  not  primarily  upon  the 
blood  flow,  but  upon  the  work  of  the  heart  (the  circulation  rate  multi- 
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plied  by  the  arterial  pressure),  and  for  this  purpose  the  actual  pulse 
rat€s  were  unimportant. 

The  lack  of  precise  counts  of  the  pulse  deprives  this  work  to  a  con- 
siderable extent  of  the  evidential  value  sometimes  assigned  to  it  in  favor 
of  the  theorj',  which  Zuntz  always  defended/  of  a  variable  amplitude 
of  heart  beat,  increasing  during  phj^sical  work.  The  stroke  volume 
determined  during  rest  (2.09  cc.  per  kilo)  is,  however,  not  subject  to 
this  criticism.  In  one  experiment  of  intense  work,  in  which  the  animal 
consumed  22,942  cc.  of  oxygen  per  minute,  Zuntz  and  Hagemann 
estimated  that  245.5  liters  of  blood  were  pumped  in  70  beats  of 
the  heart,  or  3.5  liters  per  beat  by  each  ventricle,  or  about  10  cc. 
per  beat  per  kilo  body  weight.  Here  surely  there  must  be  some  gross 
error  either  in  the  original  data  or  in  the  method  of  calculation.  Bohr 
made  very  effective  use  of  this  experiment  by  pointing  out  that  a  stroke 
volume  of  3.5  liters  in  a  horse  was  an  anatomical  impossibility,  and  that 
the  data  were  comprehensible  only  on  the  basis  of  a  large  consumption 
of  oxj'gen  in  the  lungs:  a  contention  which  Zuntz  rejected,  but  which 
on  account  of  this  experiment  he  had  some  difficulty  in  explaining  away. 
Bohr  held  it  to  be  extremely  improbable  that  the  heart  is  capable  of 
doubling  its  rate  of  beat  and  its  stroke  volume  simultaneously. 

While  inclining  in  the  main  toward  the  theory  of  variable  heart 
beat,  Zuntz  and  Hagemann  nevertheless  say  expressly  that  "in  the 
working  animal  the  circulating  blood  is  better  utilized  than  during  rest, 
in  that  per  unit  blood  more  oxygen  is  withdrawn  and  more  CO2  added 
in  the  tissues." 

Grehant  and  Quinquaud  had  already  carried  out  similar  experiments 
on  dogs,  but  based  their  conclusions  on  determinations  of  the  excess 
of  COj  in  the  venous  blood  over  that  in  the  art(Mial  blood,  amounting 
in  six  experiments  to  11.3,  8.5,  4.6,  4.0,  4.2,  5.5  vohiiucs  per  cent  of  COj. 
They  report  no  experiments  during  muscular  activity  and  no  counts 
of  the  pulse;  but  merely  give  the  calculated  circulation  rates,  varying 
from  512  to  2014  cc.  for  dogs  from  7  to  18  kilos.  If  we  assume  that  the 
innalier  figures  are  for  the  smaller  dogs  and  the  larger  for  the  larger 
<If>gH,  ftn<l  further  that  the  pulse  was  always  100,  we  find  stroke  volumes 
of  0.73  and  1,15  w.  jx-r  kilo  rrHp<H*tiv('ly. 

'At  the  Internationnl  I'hytiiolugicul  CongrcHs  in  11)10,  Ihu  reviewer  preMenlod 
evidence  for  a  uniform  ittroko  volume  from  volume  curvoB,  and  had  the  honor  of  a 
brief  debnto  with  I'rofoMHor  Zuntz  over  lhi«  mutter, — a  dobiito  Rroutly  hiimporcd 
liy  lin((uiiilir  difficult icif— in  which  I'rofoHMor  Zunts  strongly  «)l)jeot,e(l  to  the 
view  prenented. 
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Loewy  and  von  Schrotter  attempted  the  solution  of  this  problem  on 
man.  Following  the  lead  of  Pfluger  and  his  pupils,  Wolffberg  and  Nuss- 
baum,  in  the  use  of  a  similar  technique  on  animals  they  inserted  a 
catheter  or  sound  through  the  mouth  and  trachea  in  such  a  way  as  to 
close  off  the  right  bronchus  or  one  of  its  larger  branches.  Air  samples 
could  be  drawn  at  intervals  from  the  part  of  the  lung  thus  cut  off  from 
external  ventilation,  and  it  was  found  that  the  gases  which  it  contained 
quickly  assumed  a  uniform  composition,  corresponding  to  the  tensions 
of  the  gases  in  the  venous  blood  coming  to  the  lungs.  By  applying  the 
oxygen  tension  thus  found  to  the  oxygen  dissociation  curve  of  blood,  a 
value  for  the  oxygen  content  of  the  venous  blood  was  obtained.  A 
corresponding  value  for  the  arterial  blood  was  obtained  from  the  per- 
centage of  hemoglobin  in  the  blood  and  the  oxygen  in  the  air  in  the  ven- 
tilated lung,  so  that  the  oxygen  utilization  was  calculable.  It  was  found 
that  the  CO2  tension  of  the  venous  blood  was  surprisingly^  low,  only  6 
per  cent  of  an  atmosphere.  The  oxygen  utilization  during  rest  was  6.5 
cc.  per  100  of  blood.  For  a  60  kilo  man  therefore,  during  rest,  the  cir- 
culation rate  was  figured  at  3.85  liters  per  minute.  They  concluded 
that  the  stroke  volume  is  subject  to  wide  variations,  but  is  on  the 
average  55  cc.  for  a  66  kilo  man,  or  0.83  cc.  per  kilo  body  weight. 

Although  Loewy  and  v.  Schrotter  discuss  the  effect  of  work  upon  the 
circulation,  their  experiments  on  this  topic  were  few  and  the  amount  ot 
work  so  small,  as  judged  by  the  oxygen  consumption,  as  really  to  throw 
little  light  on  the  subject. 

Plesch,  working  in  part  in  Zuntz's  laboratory,  greatly  simplified  the 
technique  of  estimating  the  venous  blood  gases  in  man  from  respiratory 
data.  His  procedure  in  principle  consisted  in  breathing  back  and  forth 
for  15  to  25  seconds  into  a  small  rubber  bag  so  that  the  air  in  the  bag 
came  to  be  of  the  same  composition  as  that  in  the  lungs  and  was  thus 
in  gaseous  equilibrium  with  the  venous  blood.  The  CO2  tension  was 
thus  easily  determined.  To  obtain  the  oxygen  tension  it  was  necessary 
that  the  bag  at  the  outset  should  be  filled  with  nitrogen.  In  this  way 
without  risk  or  inconvenience  to  the  subject,  the  gas  tensions  of  the 
venous  blood  were  obtained  and  the  oxygen  content  calculated.  Al- 
though Plesch  does  not  emphasize  the  point,  his  data  show  that  the 
CO2  partial  pressure  of  the  venous  blood  is,  as  Loewy  and  v.  Schrotter 
had  also  found,  only  a  little  above  that  of  the  arterial  blood.  The  oxy- 
gen utilization  in  5  normal  people  at  rest  was  7.4,  4.3,  7.15,  5.74  and 
4.26  cc.  per  100  cc.  of  blood.  In  a  healthy  resting  man  of  68  kilos, 
he  estimates  the  minute  volume  of  the  circulation  at  4,300  cc.  and  the 
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stroke  volume  at  59  cc.  or  0.86  cc.  per  kilo  body  weight.  He  holds 
that  the  circulation  rate  depends  upon  .the  combustion  in  the  tissues, 
but  that  the  increase  is  not  proportional  to  increase  of  oxygen  consump- 
tion during  work.  He  considers  that  the  blood  never  loses  more  than 
two-fifths  of  its  oxygen  in  passing  through  the  tissues.  He  estimates 
the  highest  possible  minute  volume  during  the  most  violent  work  at 
47  liters  of  blood  and  the  stroke  volume,  in  a  man  working  hard,  at 
240  cc.  But  he  did  no  experiments  and  made  no  measurements  during 
work. 

Bomstein  also  attempted  to  estimate  the  volume  of  the  blood  stream 
in  man  from  respiratory  data.  The  lungs  were  rapidly  washed  out  with 
ox>'gen  and  the  subject  thereupon  breathed  through  a  potash  cartilage 
into  a  bag  filled  with  oxygen.  From  the  rate  at  which  the  nitrogen  dis- 
solved in  the  blood  was  given  off  to  this  atmosphere  of  oxygen,  he  calcu- 
lated the  volume  of  blood  passing  through  the  lungs.  His  data  figure 
out  to  a  minute  volume  of  6  liters  for  rest,  but  during  work  would  indi- 
cate, as  Krogh  justly  comments,  the  impossible  minute  volume  of 
60  liters. 

Markoff,  Miiller  and  Zuntz  utilized  the  breathing  of  nitrous  oxide 
for  the  pur|X)se  of  estimating  the  circulation  rate  in  man.  In  one  deter- 
mination they  found  the  stroke  volume  of  the  heart  96.7  cc,  which 
they  regarded  as  too  large.  In  another  determination  on  the  same 
subject  they  found  43.9  cc. 

Krogh  and  Lindhard  (1912)  developed  the  nitrous  oxide  method 
independently.  In  their  procedure  the  gas  (10  to  25  per  cent  nitrous 
oxide  in  air  enriched  with  oxygen)  is  held  in  the  lungs  for  a  period  of 
less  than  the  time  of  a  full  circulation.  At  the  beginning  and  end  of 
this  period,  which  must  be  accurately  measured,  an  alveolar  air  sample 
is  obtained  and  analyzed  particularly  for  nitrous  oxide  and  for  oxygen. 
The  total  volume  of  gas  in  the  lungs  is  also  estimated  from  pn^vious 
respiratory  data,  the  oxygen  consumption  of  the  body  is  determined 
either  before  or  after  the  nitrous  oxide  experiment,  and  the  pulse  is 
counted.  From  these  data  and  \hr  cooflicicnt  of  distribution  of  nitrous 
oxide  Ix'tween  the  air  and  blootl  in  tiie  lungs,  the  blood  How  per  minute 
through  the  hingH  iH  calculated.  There  are  thus  a  number  of  factors 
to  be  estimated  and  combiiKMJ,  and  the  observational  errors  in  alveolar 
atr  methodM,  an  Krogh  and  Lindhard  (1911  and  1917)  have  themselves 
pointed  out  in  a  critique  of  the  work  of  some  other  investigators,  may 
be COnaiderablc.  It  in  to  l>eexp<'cted,  therefore,  tliat  in  the  combination 
of  the  variouH  faetorn  dtirini^  !i  ealculiition,  the  observiitioiiMJ  eiiors  may 
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in  some  cases  neutralize  one  another,  and  in  others  may  be  summated 
in  the  results.  When  we  examine  these  results,  we  find  exactly  the 
sort  of  variations  to  be  expected  on  these  grounds.  The  investigators 
themselves  seem,  however,  to  assume  that  the  widely  varying  systolic 
discharges  and  circulation  rates,  which  they  obtain  even  in  the  same 
subject  under  identical  conditions  on  different  days,  are  correct  expres- 
sions of  physiological  variations  in  heart  action,  instead  of  mere  experi- 
mental errors  and  variations.  Particularly  in  a  later  paper  (in  Pflii- 
ger's  Archiv,  clxi)  in  which  Lindhard  (1915)  reports  numerous  observa- 
tions, the  variations  between  successive  determinations  are  very  large. 
Thus  for  example  in  table  XIc,  the  subject  J.  J.  on  February  22nd, 
during  work  involving  the  consumption  of  870  cc.  of  oxygen  and  a  pulse 
rate  of  92,  showed  a  stroke  volume  of  160  cc,  and  4  days  later  with  the 
same  pulse  rate  and  the  same  oxygen  consumption,  the  stroke  volume 
was  only  88  cc.  Again  in  table  IX,  the  subject  J.  L.  on  June  19th  with 
an  oxygen  consumption  of  225  cc*.  and  a  pulse  of  64  showed  a  stroke 
volume  of  71  cc,  but  on  November  26th,  with  an  oxygen  consumption 
practically  the  same  and  the  same  pulse  rate,  the  stroke  volume  found 
was  only  49  cc.  These  are  extreme  examples,  but  to  a  considerable 
degree  variations  of  this  type  run  through  all  the  data  reported  by 
Lindhard. 

Such  variations  would  not,  however,  necessarily  invalidate  the  con- 
clusions, for  Lindhard  (1916)  has  obtained  so  large  a  mass  of  observa- 
tional material  that  he  is  able  to  treat  it  statistically.  Statistical  treat- 
ment does  not,  however,  eliminate  a  fundamental  disturbing  element; 
and  such  an  element  in  this  work  lies  in  a  correction  which  is  applied 
to  all  of  the  blood  flow  measurements.  This  correction  depends  upon 
the  fact  that  during  the  experiment  itself,  while  nitrous  oxide  is  being 
held  in  the  lungs,  the  oxygen  consumption  apparently  differs  markedly 
from  that  during  the  fore  and  after  period;  the  difference  amounting  in 
some  cases  to  an  increased  rate  of  absorption  of  60,  80  or  even  100  per 
cent  or  more.  The  figures  finally  calculated  for  blood  flow  and  stroke 
volume  are  therefore  corrected,  that  is,  reduced,  by  corresponding 
amounts.  The  extent  of  the  correction  in  some  cases  may  be  illus- 
trated (from  table  V)  by  the  subject  J.  J.  on  whom  between  the  8th 
and  15th  of  October  were  obtained  the  following  figures  for  the  minute 
volume  of  the  circulation  (in  liters).  The  unreduced  figures  as  calcu- 
lated directly  from  the  observations  are  here  placed  above  the  "cor- 
rected" figures: 

Observed     8.8     10.3      9.5    9.7    7.7    7.9    9.0    7.0 
Corrected    7.4      8.55    7.9    6.5    5.6    5.7    4.2    3.0 
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Some  of  these,  notably  the  last  two,  are  indeed  enormous  corrections 
and  render  the  "corrected"  figures  much  more  variable  than  those 
directlj'  obtained,  which  latter  are,  it  now  appears,  also  probably  much 
nearer  the  true  values. 

This  correction  is  in  many  cases  inconsiderable  during  experiments 
on  work,  and  Lindhard's  measurements  of  the  minute  volume  of  the 
circulation  and  the  systolic  discharge  during  work  are,  on  the  average, 
aside  from  the  experimental  variations,  probably  of  the  correct  order  of 
magnitude.  The  determinations  during  rest,  in  the  light  of  later  work 
to  be  reviewed  below,  are  probably  only  50  to  60  per  cent  of  the  correct 
value.  It  is  true  that  the  correction  itself  appears  at  first  sight  logical; 
but  it  requires  us  to  assume  that  nitrous  oxide  exerts  no  pharmacologi- 
cal effect,  and  also  to  believe  that  during  the  holding  of  the  breath  after 
3  full  breaths  the  circulation  may  be  accelerated  even  up  to  100  per 
cent.  In  fact,  however,  little  is  known  of  the  pharmacological  action 
of  nitrous  oxide;  and  the  radial  and  carotid  pulse  give  to  one's  finger  no 
indication  of  such  augmented  beats  during  such  breathing  and  pause; 
as  the  reader  may  immediately  convince  himself.  It  may  bo  mentioned 
also  that  in  connection  with  the  Pike's  Peak  expedition  (Douglas, 
Haldane,  Henderson  and  Schneider,  prior  to  the  publication  of  the 
work  of  Markoff,  Miiller  and  Zuntz  and  that  of  Krogh  and  Lind- 
hard)  the  reviewer  had  independently  attempted  to  utilize  nitrous 
oxide  to  determine  the  circulation  rate.  In  these  experiments  it  was 
found  that  marked  functional  disturbances  of  an  obscure  character  in 
respect  to  the  absorption  of  oxygen  occurred  and  that  the  results  ob- 
tained were  subjected  to  so  much  doubt  and  error  that  the  method  was 
not  developed. 

Douglas  and  Haldane  have  justly  pointed  out  that  one  of  the  probable 
sources  of  error  in  Krogh  and  Lindhard's  method  lies  in  the  first  alveolar 
sample  giving  an  oxygen  percentage  higlior  than  existed  at  the  moment 
in  the  deep  alveolar  air.  Lindhard  (1922)  in  his  latest  paper  seems  to 
concede  at  least  in  part  the  validity  of  the  objection. 

The  general  conclusions  reached  by  Krogh  and  Liiidliard  and  by* 
Lindhurd  in  IuUt  work  are  that  "the  blood  How  (hiring  rest  varies 
between  very  wide  limits  (from  2.8  to  8.7  liters  per  minute)  dc  pending 
upon  the  variable  supply  of  venous  blood  to  the  right  heart."  When  a 
Kcries  of  consecutive  determinations  is  made  "a  remarkable  constancy 
is,  however,  generally  observed."  (But  compare  the  figures  above 
quoted.)  "During  muscular  work  the  rapidity  of  thr  circulation  is 
greatly  increased,  the  maximum  observed  being  21.(>  Utrrs  per  niimite. 
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Oxygen  utilization  during  rest  is  expressible  by  coefficients  varying 
between  0.28  and  0.60  rising  to  0,73  during  muscular  work."  "The 
stroke  volume  may  fall  as  low  as  26  cc.  during  rest."  Lindhard  con- 
cludes that  ''during  rest  the  minute  volume  is  a  function  of  the  respira- 
tory metabolism,  a  metabolism  of  200  cc.  of  oxygen  corresponding  to  a 
blood  flow  of  3.5  to  4  liters."  The  coefficient  of  utilization  of  oxygen 
from  the  blood  is  0.3,  a  little  higher  for  women  and  a  little  lower  for 
men.  The  systolic  discharge  of  the  heart  is  in  all  cases  a  secondary 
function  determined  by  the  two  independent  variables,  minute  volume 
and  pulse  frequency.  During  muscular  work  the  minute  volume 
may  increase  sixfold  while  the  metabolism  increases  tenfold,  and  the 
oxygen  utilization  may  then  reach  a  coefficient  of  0.795,  corresponding 
to  14.85  cc.  of  oxygen  per  100  cc.  of-  blood. 

In  spite  of  the  technical  defects  of  the  nitrous  oxide  method,  it  is 
probable  that  the  average  of  the  observations  for  the  circulation  rate 
and  stroke  volume  during  muscular  work  is  of  the  correct  order  of  mag- 
nitude. It  may  be  pointed  out  also  that  if  Krogh  and  Lindhard  had 
not  felt  compelled  to  reduce  their  values  by  the  correction  above  men- 
tioned, the  average  of  their  determinations  on  rest  would  also  be  in 
accord  with  later  and  more  accurate  estimates  of  the  circulation  rate 
and  stroke  volume  for  this  condition.  Indeed  it  is  noteworthy  that  in 
some  experiments  they  found  a  figure  (103  cc.)  for  the  stroke  volume 
during  rest  which  as  they  point  out  "falls  very  little  short  of  the  largest 
stroke  (116  cc.  recorded,  or  127  cc.  assumed)  during  work." 

The  nitrous  oxide  method  has  been  used  also  by  Fridericia  (1916, 
1918),  Liljestrand,  Boothby,  and  Means  and  Newburgh,  with  results 
generallj^  similar  to  those  above  quoted.  They  find  stroke  volumes 
of  1.5  to  2.0  cc.  per  kilo  body  weight  during  work,  but  only  about  half  or 
two-thirds  as  large  during  rest,  and  subject  to  wide  variations  under 
identical  conditions. 

Means  and  Newburgh  have  also  attempted  to  calculate  the  circula- 
tion rate  and  stroke  volume  from  the  oxygen  unsaturation  of  blood 
drawn  from  a  vein  in  the  arm.  Assuming  the  arterial  blood  to  be  95 
per  cent  saturated,  the  coefficient  of  oxygen  utilization  was  thus  found 
in  one  observation  0.29  and  in  another  0.49,  or  about  6  and  9  volumes 
per  cent.  From  these  data  the  stroke  volumes  would  figure  to  75  and 
34  cc.  Similar  figures  could  be  based  on  analyses  of  the  arterial  blood 
and  blood  from  an  arm  vein  of  normal  men  contained  in  papers  by 
other  recent  investigators.  Thus  Lundsgaard's  (1919)  data  show  an 
oxygen  utilization  of  5.5  volumes  per  cent;  those  of  Stadie  4.9  to  6.3; 
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and  those  of  Harrop  2.5  to  8.3.  In  dogs  Doisy  and  Beckmann  report 
finding  differences  in  the  oxygen  content  of  blood  in  the  femoral  artery 
and  vein  varjing  in  17  subjects  from  2.1  to  18.1,  average  6.1  volumes 
per  cent.  Uyeno  and  Doi  find  similar  variations  in  the  cat.  Lundsgaard 
and  Moller  find  that  after  vigorous  exercise  (stair  climbing)  the  oxygen 
content  of  the  blood  from  a  vein  in  a  man's  arm  is  much  decreased. 

Unfortunately  the  oxygen  utilization  in  a  vein  draining  merely 
muscles  and  skin  can  afford  no  reliable  indication  of  the  oxygen  utiliza- 
tion for  the  whole  blood  stream.  Leonard  Hill  and  Nabarro  have 
shown  that  the  coefficient  of  oxj^gen  utilization  for  blood  passing  through 
muscles  is  0.7  or  0.8,  which  would  be  12.5  to  14.5  volumes  per  cent  for 
human  blood,  while  that  for  blood  from  the  brain  is  only  0.2  or  0.3. 
Barcroft  (1920)  also  notes  the  striking  contrast  between  the  color  of 
the  bright  blood  from  the  kidneys  and  the  dark  color  of  that  returning 
from  the  hind  legs  as  seen  in  the  rabbit  at  the  junction  of  the  renal  veins 
and  the  vena  cava.  In  view  of  such  observations  as  these,  it  seems  quite 
possible,  although  paradoxical,  that  although  the  oxygen  utilization  for 
the  whole  blood  stream  is  very  much  higher  during  muscular  work  than 
during  rest,  each  tissue  or  organ  has  a  nearly  unaltered  percentage  utili- 
zation. It  is  the  greater  quantity  of  blood  flowing  through  the  muscles 
during  work  (Chauveau  and  Kaufmann)  which  causes  the  higher  utiliza- 
tion for  the  whole  blood  stream.  During  progressive  asphj^xia  practically 
the  whole  oxygen  load  of  the  blood  may  be  utilized  (Greene  and  Greene). 

Boothby,  Fridericia,  and  Liljestrand  and  IJndhard  have  also  used 
the  Fick  principle  for  determining  the  blood  flow  in  man,  with  results 
similar  to  those  from  the  nitrous  oxide  method. 

The  most  important  advance  in  this  field  in  recent  years  has  come 
from  the  work  of  Christiansen,  Douglas  and  Haldane.  They  demon- 
strated the  mutual  interaction  of  oxygen  and  CDs  in  the  blood  and  were 
the  first  to  work  out  the  dissociation  curve  of  C(.\  in  blood:  technical 
matters  which  are  fundamental  for  valid  work  in  application  of  tlic 
Fick  principle  to  man.  They  also  began  the  work  on  the  measurement 
of  the  blood  flow  which  has  now  been  coinpletod  by  Douglas  and  Hal- 
dane (1022).  These  investigators  show  for  the  first  lime  on  man  that, 
at  least  in  vigorous  subjects,  the  stroke  volume  of  the  heart  may  be  a 
quant iiy  nearly  unifonn  in  work  and  rest.  They  say  "In  Douglas  the 
circulation  rate  wim  nearly  in  proportion  to  the  pidae  rate.  This  cor- 
responds to  the  conclusion  reached  in  1906  by  Yandell  Henderson  from 
ph   '  I'rnph  records  of  the  heart  beats  in  dogs.     It  has  l)een  in- 

fen  '    Henderson's  concluHions  must  have  been  mistaken,  since 
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assuming  as  has  hitherto  been  done  that  the  mixed  venous  blood  loses 
at  least  a  third  of  its  oxygen  during  rest,  an  increase  to  ten  times  or 
more  in  the  metabolism  during  work  could  not  possibly  be  brought 
about  without  a  very  large  increase  in  the  output  per  beat.  The  figures 
for  Douglas  show,  however,  that  no  increased  output  per  beat,  but  only 
the  actual  increase  of  about  three  times  in  the  pulse  rate  was  needed 
for  an  increase  in  metabolism  to  ten  times  the  basal  rate.  In  none  of 
our  subjects  was  the  circulation  rate  during  work  increased  in  even 
approximately  direct  proportion  to  the  increase  in  metabolism,  until 
the  metabolism  had  been  greatly  raised." 

The  essential  feature  of  these  observations  is  that  in  such  a  subject 
as  Douglas  (66  kilos)  the  stroke  volume  (125  cc,  or  1.9  cc.  per  kilo 
body  weight)  and  the  circulation  rate  (7,500  cc.)  are  so  large  that 
during  rest  the  coefficient  of  oxygen  utilization  is  only  about  20  per  cent, 
or  a  difference  of  only  3.2  volumes  per  cent  in  the  ox>^gen  content  of  the 
blood  in  the  two  sides  of  the  heart.  Thus  when  work  is  done  the  in- 
creased pulse  rate  (up  to  threefold)  and  the  increased  oxygen  utiliza- 
tion from  the  blood  (up  to  three-  or  fourfold)  together  provide  for  a 
tenfold  augmentation  of  the  energy  expenditure  and  respiratory 
metabolism.     (See  table  1,  page  169.) 

On  the  whole  it  seems  probable  that  a  low  coefficient  of  oxygen  utiliza- 
tion during  rest  and  a  stroke  volume  as  large  during  rest  as  during  work 
are  characteristics  of  vigorous  athletic  men.  A  stroke  volume  of  1.8  to 
2  cc.  per  kilo  body  weight  during  work  is  quite  in  harmony  with  other 
investigators,  but  it  is  twice  as  large  as  has  generally  been  believed  here- 
tofore to  occur  during  rest.  The  idea  involved  may  be  illustrated  by 
comparing  the  conditions  in  so  unenergetic  an  animal  as  the  domesti- 
cated goat,  with  the  conditions  in  dogs.  Thus  Barcroft  and  his  collab- 
orators (1920)  have  found  that  in  the  goat  with  66  per  cent  hemoglobin 
(Haldane's  scale)  the  difference  in  the  oxygen  content  on  the  two  sides 
of  the  heart  is  4  to  7  cc.  of  oxygen  per  100  of  blood.  The  minute  vol- 
ume per  kilo  works  out  to  133  cc. 

On  the  other  hand  in  experiments  (as  yet  unpublished)  of  a  similar 
character,  performed  in  this  laboratory  by  Haggard  and  the  writer  upon 
dogs,  the  blood  in  the  left  heart  contained  20  volumes  per  cent  of  oxy- 
gen and  39  of  CO2,  while  that  in  the  right  heart  contained  17  oxygen 
and  41  CO2:  difference,  3  volumes  per  cent  oxj^gen,  and  2  CO2.  This 
low  coefficient  of  utilization  indicates  a  stroke  volume  of  1.9  cc.  per  kilo 
body  weight;  the  heart  rate  was  130  per  minute.  In  another  experi- 
ment the  arterial  gases  were  16.5  oxygen,  47.5  CO2,  while  the  venouF 


182  YANDELL   HENDERSON 

gases  were  oxygen  12,  CO2  51 ;  difference  4.5  oxygen  and  3.5  CO2.  The 
stroke  volume  figures  therefore  to  1.58  cc.  per  kilo  body  weight  at  a 
pulse  rate  of  126  per  minute.  In  a  third  dog  the  difference  between 
the  blood  gases  in  the  right  and  left  hearts  was  3.5  oxygen  and  1.5  CO2. 
Evidently  goats  have  only  a  small  reserve  in  respect  to  oxygen  utilization 
upon  which  they  can  draw  during  exertion,  while  dogs  have  an  enormous 
reserve,  400  or  500  per  cent.  The  capacity  for  vigorous  exertion  would 
thus  be  2  or  3  times  as  large  in  dogs  as  in  goats. 

That  vigorous  men  are  in  this  respect  comparable  to  dogs  rather 
than  to  goats  in  the  smallness  of  the  difference  in  the  amount  of  CO2 
in  arterial  and  venous  blood  during  rest  has  been  found  by  Henderson 
and  Prince  (1917)  in  a  number  of  determinations  (still  in  progress, 
Henderson,  1922)  by  a  development  of  the  respiratory  method.  The 
COj  tension  in  the  alveolar  air  or  (as  it  were  better  termed)  "arterial 
pulmonary  air"  is  determined  by  Haldane's  method,  while  that  in  the 
"venous  pulmonary  air"  is  found  by  rebreathing,  by  Plesch's  method 
air  containing  about  6  per  cent  CO2  and  a  high  enough  oxygen  content 
to  nearly  saturate  the  blood  with  this  gas.  This  gives,  not  the  true 
venous  CO2  tension,  but  that  for  venous  blood  which  has  been  satu- 
rated with  oxygen  without  loss  of  CO2.  Both  the  arterial  and  the  vir- 
tual venous  CO2  tensions  thus  obtained  may  then  be  applied  to  the 
COi  dissociation  curve  of  fully  oxygenated  blood  (a  curve  of  which 
the  slope  is  sufficiently  uniform,  although  the  absolute  level  varies 
individually)  to  obtain  the  corresponding  figures  for  the  CO2  contents 
of  the  arterial  and  mixed  venous  bloods.  The  CO2  difference  (in  vol- 
umes per  cent)  multiplied  by  the  inverted  respiratory  quotient  gives 
the  oxygen  utilization. 

In  healthy  men  at  rest  the  values  thus  found  are  seldom  more  than 
3  or  4  volumes  per  cent  of  CO2  difference  in  the  arterial  and  venous 
bloods;  and  although  larger  differences  are  sometimes  found,  they  are 
generally  ol)8ervational  errors  rather  than  true  indications  of  slower 
circulation.  Barcroft,  Houghton  and  Shoji  report  that  the  method  of 
Henderson  and  I'rince  gives  results  in  close  agreonvont  witli  a  more 
refined  method  of  the  same  general  character  employed  by  them.  The 
COt  differences  found  by  Barcroft  and  his  co-workers  on  two  subjects 
were  4.0  and  3.3  cc.  Redfield,  Bock  und  Moakins  hIso  ('(mfirm  the 
method  of  Henderson  and  Prince  and  report  correspondingly  low  C'()2 
preMitres  in  the  venous  blood. 

Mealdnsand  DavioH  (\92'2)  by  a  method  esHcntially  similar  to  those 
juwl  mentioned  have  obfiilncd  very  concordunl  .nnd  siijni(ic;inl  icsidls. 
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On  four  human  subjects  they  find  the  stroke  volume  to  be  during 
rest  100,  150,  132  and  96  cc.  and  on  a  fifth  subject  121  cc.  during  rest 
with  an  oxygen  consumption  of  217  cc.  per  minute,  and  practically  the 
same  stroke  volume,  122  cc,  during  exercise  on  a  bicycle  and  with  an 
oxygen  consumption  of  1104  cc. 

We  know  that  man  is  a  very  vigorous  animal.  It  appears  from  these 
data  that  his  vigor  in  great  part  is  based  upon  the  large  factor  of  safety 
afforded  by  a  low  oxygen  utilization,  with  a  correspondingly  large 
stroke  volume,  during  rest. 

Observations  on  the  circulation  time.  Numerous  attempts 
have  been  made  to  estimate  the  heart  action  in  man  from  observations 
on  the  peripheral  circulation.  Such  methods  as  the  arm  plethysmo- 
graph  (Fick,  1869;  Hewlett,  1909),  the  hand  calorimeter  (Stewart,  1911), 
and  similar  procedures  have  yielded  valuable  evidence  in  their  own  fields ; 
but  they  have  not  contributed  materially  to  knowledge  of  the  stroke 
volume  of  the  heart  and  the  velocity  of  the  total  blood  stream. 

The  attempt  to  develop  a  rule  by  which  the  product  of  the  pulse 
rate  multiplied  by  the  pulse  pressure  would  serve  as  an  index  of  the 
circulation  rate  in  man  has  given  a  method  of  some  value  for  purposes 
of  comparison,  but  has  not  thrown  much  light  on  absolute  quantities. 
(Dawson,  Erlanger  and  Hooker,  Skelton).  Nor  has  it  yet  proved 
practicable,  except  for  comparisons,  to  utilize  as  an  estimate  of  the 
heart's  activity,  the  recoil  curve  of  the  whole  body  (Henderson,  1905, 
Heald  and  Tucker).  This  curve  records  a  movement  of  the  body  of 
about  0.1  mm.  headward  and  feet  ward  under  the  influence  of  the  mass 
movements  of  the  heart  and  blood,  when  the  subject  lies  on  a  table 
in  delicate  suspension.  Very  little  evidence  of  value  on  our  topic  has 
come  from  sphj^gmographic  or  electrocardiographic  methods. 

The  duration  of  a  circulation,  the  time  required  for  the  blood  to 
complete  the  round  and  return  to  the  same  point,  was  first  determined 
by  E.  Hering.  He  showed  that  in  mammals  of  different  sizes  the  cir- 
culation rate  varies  as  the  body  surface.  If  the  total  volume  of  blood 
in  the  body  is  known,  and  if  the  velocity  at  all  points  and  in  all  organs 
were  equal,  this  method  would  be  effective.  Hering  injected  an  easily 
recognizable  non-poisonous  substance,  potassium  ferrocyanide,  into  a 
vein  toward  the  heart,  and  noted  the  time  until  the  substance  appeared 
in  the  blood  flowing  from  another  similar  vein.  The  method  was  also 
utilized  by  Volkmann,  who  found  on  several  species  of  animals  that  the 
stroke  volume  of  the  heart  was  2.5  cc.  per  kilo  body  weight. 
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By  Vierordt  the  method  was  refined  and  j'ielded  much  valuable  in- 
formation. He  found  that  in  mammals  of  widely  different  sizes,  goat, 
dog,  man  and  horse,  the  circulation  time  was  in  all  cases  between  26 
and  28  heart  beats.  (In  determinations  of  the  venous  pulmonary  air 
by  the  Plesch  method  in  this  laboratory  the  second  rise  of  CO2,  indi- 
cating completion  of  the  shortest  way  round  the  circulation,  is  found  to 
occur  in  approximately  this  number  of  heart  beats  in  man.)  This  is  a 
striking  example  of  relativity,  as  the  pulse  rate  in  the  rabbit  is  4  or  5 
times  as  rapid  as  in  the  horse,  while  in  animals  of  intermediate  weight 
the  pulse  rates  correspond  with  the  relative  size.  For  mammals  of 
all  sizes,  according  to  Vierordt's  results,  the  stroke  volume  has  the  same 
magnitude  in  cubic  centimeters  per  kilo  body  weight;  and  the  circula- 
tion rates  in  mammals  of  all  sizes,  in  cubic  centimeters  per  minute  per 
kilo  body  weight,  vary  therefore  as  the  pulse  rates.  Vierordt  figured 
the  stroke  volume  at  2,83  cc.  per  kilo.  v.  Kries  pointed  out,  however, 
that  as  the  blood  passes  through  some  organs  more  rapidly  than  through 
others,  as  evidenced  by  its  varying  venosity,  the  stroke  volume  thus 
calculated  would  be  too  high  and  the  indicated  circulation  rate  too 
rapid. 

Vierordt's  conceptions  appear  to  the  reviewer  much  nearer  probable 
truth  than  those  of  most  later  investigators,  and  combined  with  other 
data  in  this  review  they  suggest  the  probability  of  the  following  laws 
(modified  from  Vierordt's  statement) :  1 .  The  average  duration  of  a 
circulation  through  the  shortest  channels  in  all  vigorous  species  of 
mammals  at  rest  is  e(iual  to  the  average  time  of  27  zfc  3  heart  beats  of 
the  species.  £.  In  different  species  of  vigorous  mammals  there  is 
direct  proportionality  l)etween  the  blood  flow  (expressed  in  cubic 
centimeters  per  kilo  per  minute)  the  resting  pulse  rate,  the  oxygen 
consumption  per  kilo,  and  the  surface:  weight  ratio;  all  four  values 
for  different  species  are  thus  proportional  (o  each  other.  S.  Tiie  stroke 
volumes  of  the  hearts  in  species  of  nuuuniuls  of  diffcMont  sizes  vary 
directly  as  the  body  weights  for  all  species  of  active  mammals.  In  pliy- 
siology  Kuch  laws  are  never  lx^tl«'r  (Imn  rough  approximations  and  this 
fonnuhilion  is  offered  not  as  definitely  proved,  but  us  valuable  for  tost 
and  suggestion.  The  more  one  studies  the  literature  upon  which  this 
review  is  hawed,  and  data  wliieh  lack  of  space  prevents  repnxlucing 
here,  the  stronger  Ix-eoines  iM'lief  in  the  essential  eorrectuess  of  some 
formulation  of  the  sort  here  amplified  on  Vierordt's  foundation. 

The  metluxi  of  the  eireulation  rat4»  has  been  used  from  time  to  time 
by  later  investigatorM  and  notably  in  a  modified  and  iniprove(I  form  by 
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Stewart  (1894,  1921),  who  injected  1.5  per  cent  NaCl  solution  into  a  vein 
and  determined  its  appearance  in  an  artery  by  the  change  in  electrical 
conductivity  of  the  blood.  In  a  typical  experiment  33.5  cc.  of  salt  solution 
were  injected  in  12  seconds.  When  the  telephone  indicated  the  arrival 
of  the  diluted  blood  in  a  branch  of  the  femoral  artery,  25  cc.  were  drawn 
during  the  7th  to  the  17th  second.  From  this  sample  the  extent  to 
which  the  blood  was  diluted  was  determined  and  the  amount  of  blood 
discharged  by  the  left  heart  was  calculated.  By  this  method  in  dogs 
values  for  the  stroke  volume  of  from  1.7  cc.  in  large  animals  to  3.2  cc. 
in  small  animals  were  found.  Stewart,  however,  concluded  that  the 
circulation  rate  can  vary  considerably  even  at  a  constant  pulse  rate 
or  may  remain  the  same  during  a  varying  pulse  rate.  He  argued  that 
the  stroke  volume  would  grow  smaller  per  kilo  body  weight  as  the  size 
of  the  body  increased  and  he  therefore  estimated  the  stroke  volume  of 
man  at  about  75  cc. 

Direct  measurement  of  blood  flow  in  operated  animals.  There 
have  been  many  attempts  to  determine  the  stroke  volume  and  circula- 
tion rate  by  measurements  of  the  blood  flow  particularly  in  dogs  and 
rabbits  by  such  techniques  as  the  stromuhr  (R.  Tigerstedt,  1891;  C. 
Tigerstedt,  Elving  and  v.  Wendt),  the  plethysmograph  for  the  whole 
heart  (Roy  and  Adami,  Johansson  and  Tigerstedt),  and  other  related 
devices.  The  results  present  an  almost  complete  disagreement  from 
those  views  toward  which  the  preceding  sections  have  led  us.  They 
are  not  concordant  among  themselves,  except  in  the  smallness  of  the 
circulation  rates  and  stroke  volumes  which  they  indicate.  They  are 
so  far  from  grouping  themselves  under  any  definable  principle,  that 
one  might  infer  from  them  that  the  heart  may  normally  make  nearly 
any  size  of  stroke,  large  or  small,  at  any  rate  of  beat. 

The  size  of  the  stroke  volume  was  one  of  the  problems  which  inter- 
ested Ludwig,  and  evidence  bearing  on  it  appears  in  many  of  the  classic 
papers  of  his  pupils  such  as  Pawlow,  Dogiel,  Bohr,  Stolnikow  and  others. 
(See  Tigerstedt's  review,  1905.)  Stolnikow  in  particular  used  a  simpli- 
fied circulation  in  which,  after  tying  off  all  the  arteries  except  the 
axillary,  he  caught  and  measured  the  blood  flowing  from  this  one  ves- 
sel, and  then  returned  it  to  a  vein.  The  results  obtained  indicated  a 
stroke  volume  of  from  0.32  to  1.6  cc.  per  kilo  body  weight,  with  a  general 
value  less  than  0.64  cc.  Zuntz  states  that  the  work  of  Ludwig  and  his 
pupils  indicates  a  capacity  in  the  heart  to  vary  its  stroke  tenfold,  and 
actual  variations  of  threefold  under  nearly  uniform  conditions. 
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Dogiel  attempted  to  use  a  stromuhr  in  the  aorta,  but  with  commend- 
able and  rare  frankness  declared  his  results  valueless  on  the  point  which 
is  here  of  interest.  R.  Tigei'stedt  (1891)  later  employed  the  same  method 
and  also  expressed  doubt  of  the  significance  of  the  results,  which  showed 
values  of  0.27  cc.  per  kilo  body  weight  on  the  average  of  what  he  re- 
garded as  the  best  experiments,  and  0.42  cc.  for  the  average  of  all. 
As  Tigerstedt  (1905)  points  out,  the  smaller  value  would  afford  a  blood 
flow  of  such  insufficient  amount  as  to  drive  one  to  the  hypothesis,  which 
Bohr  and  Henriques  supported,  but  which  is  now  no  longer  supported 
by  any  investigator  (since  Putter,  1911),  that  the  normal  blood  flow  is 
not  sufficient  to  supply  to  the  tissues  as  much  oxygen  as  the  body 
actually  consumes,  and  that  therefore  a  considerable  combustion  must 
take  place  in  the  lungs. 

In  his  review  in  the  Ergebnisse  der  Physiologie,  R.  Tigerstedt  (1905) 
quotes  extensively  the  work  on  the  circulation  rate  in  the  rabbit,  as 
measured  by  a  stromuhr  inserted  in  the  aorta,  carried  out  by  Carl 
Tigerstedt.  This  work  was  certainly  of  the  highest  quality  as  regards 
technical  skill  and  care;  and  yet  it  would  be  difficult  to  find  more 
widely  varying  measurements  of  any  function  than  arc  there  reported. 
The  general  impression,  which  this  and  similar  work  by  many  other 
investigators  in  this  field  makes  upon  one  who  turns  to  it  for  informa- 
tion, is  that  the  rate  of  heart  beat  has  so  little  relation  to  the  circula- 
Uon  rate,  and  that  the  stroke  volume  therefore  is  so  variable  that 
any  precise  formulation  of  relations  is  excluded. 

In  considering  the  results  obtained  in  this  field  by  Ludwig's  pupils  and  their 
successors,  we  must  keep  in  mind  that  the  animal  under  experiment  is  usually 
immobilized,  morphinized,  anesthetized,  partly  bled,  cold,  over- ventilated,  and 
in  general  more  or  less  advanced  in  that  depression  of  vitality  which  (as  we  now 
know)  is  most  significantly  indicated  by  a  decreased  venous  pressure.  Decreased 
venous  pressure  indicates  decreased  venous  return  to  the  right  heart,  and  induces 
in  consequence  a  subnormal  and  varying  diastolic  filling  and  stroke  volume  of 
the  heart. 

Even  under  such  abnormal  conditions  evidence  of  value  may  be  obtained  on 
points  connected  with  arterial  pressure,  the  vasomotor  norvous  control  and  the 
relation  of  the  heart  action  to  arterial  pressure.  Hut  in  their  bearing  on  the 
circulation  rate  and  the  stroke  volume  of  u  normal  nuin  or  animal  in  lionUhy  rest 
or  muscular  activity,  the  great  masH  of  observations  in  the  literature  of  this 
branch  of  our  subject  is  cHsentially  misleading,  for  the  observations  insidiously 
•ubstitute  the  data  of  depression,  subnormal  venous  pressure  and  the  first  stage 
of  shook  for  the  data  of  health.  Arterial  pressure  afTords  no  reliable  indication 
M  to  whether  the  circulation  rate  is  of  nornuil  or  somewhat  subnormal  value; 
only  when  the  venous  return  and  circulation  rate  fall  beyond  a  certain  point  is 
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arterial  pressure  necessarily  affected.  Furthermore,  in  many  of  these  investiga- 
tions the  distinction  has  not  been  sufficiently  drawn  between  increased  circulation 
rate  effected  by  certain  procedures,  such  as  compression  of  the  abdomen,  or 
peripheral  nerve  stimulation,  or  infusion  of  adrenalin,  as  a  momentary  effect  and 
as  a  continuous  factor;  for  these  procedures  will  raise  venous  pressure  momen- 
tarily, but  if  continued  do  not  maintain  it;  while  only  transfusion  and  hyper- 
capnia  appear  to  be  able  to  achieve  this  effect  in  a  manner  at  all  imitating  the 
high  venous  pressure  (10  to  20  cm.  of  water)  of  muscular  activity  in  normal  life. 

There  is,  however,  a  criterion  for  judging  when  there  is  and  when  there  is  not 
an  adequate  venous  supply.  Lying  on  his  back  a  normal  man  exhibits  a  pulsation 
at  the  base  of  the  neck  which  is  almost  wholly  venous.  The  jugulars  are  dis- 
tended. But  when  he  sits  up,  or  stands,  the  neck  veins  are  usually  collapsed  and 
do  not  pulsate  above  the  upper  line  of  the  clavicle:  normal  venous  pressure  does 
not  rise  so  high  (v.  Recklinghausen).  Similarly  in  an  animal  at  the  beginning  of 
an  experiment  the  jugulars  when  first  exposed  are  usually  seen  to  be  full  and 
pulsating;  but  as  a  surgical  operation  on  man  or  an  experiment  on  an  animal 
progresses,  the  fulness  and  pressure  in  the  veins  decrease  and  leave  then  collapsed. 

The  filling  of  the  right  ventricle,  and  thus  in  consequence  the  stroke  volume  of 
the  left  ventricle,  decrease  correspondingly  and  progressively.  It  is  not,  how- 
ever, the  absolute  venous  pressure  which  is  here  concerned,  but  the  "effective 
venous  pressure"  which  is  the  difference,  as  Henderson  and  Barringer  showed, 
between  intrapleural  pressure  and  the  pressure  in  the  great  veins  at  the  heart 
level.  It  amounts  in  dogs  to  50  to  70  mm.  water,  but  is  probably  somewhat  more 
in  man.  This  effective  venous  pressure  is  the  force  which  distends  the  right 
heart  in  diastole,  and  subject  to  the  diastolic  receptive  relaxation  of  the  heart 
itself,  determines  the  size  of  the  stroke  volume,  and  thus  the  fulness  of  the  pulse, 
but  not  arterial  pressure. 

It  is  the  general  neglect  of  the  venous  return  and  pressure  which  explains  why 
experiments  on  the  blood  flow  in  animals  under  operative  conditions  have  afforded 
such  extraordinarily,  variable,  discordant  and  abnormally  low  values.  If  less  blood 
is  coming  to  the  heart  per  minute  than  the  heart  can  pump  even  at  a  slow  rate  of 
beat,  it  is  evident  that  the  heart  rate  may  be  accelerated  to  any  extent  without 
changing  the  minute  volume.  On  the  other  hand,  if  the  heart  rate  remains  the 
same,  and  some  procedure  is  effected  so  that  a  venous  return,  which  was  at  first 
very  low  and  inadequate,  is  restored  more  nearly  to  an  adequate  volume,  the 
circulation  rate  may  vary  widely  even  while  the  heart  rate  remains  the  same. 
This  affords  the  explanation  for  the  irregular  observations  on  the  circulation 
rate  under  operative  and  experimental  conditions  of  which  the  literature  is  full. 
A  normal  venous  pressure  is  a  necessary  condition  for  a  normal  circulation  rate. 

Probably  90  per  cent  of  all  the  blood  pressure  and  blood  flow  experiments  in  the 
literature  of  physiology  were  performed  on  animals  in  the  first  stage  of  shock; 
just  as  in  nearly  all  patients  who  are  under  etherization  and  operation  for  more 
than  one  hour  the  superficial  veins  nearly  or  quite  disappear,  the  skin  is  pallid 
(cutaneous  capillary  depletion)  and  arterial  pressure  tends  downward. 

The  depressant  action  even  of  anesthesia  without  operation  is  shown  by  recent 
(unpublished)  observations  of  Haggard  in  this  laboratory;  for  in  two  dogs  under 
morphine  and  ether  in  good  condition  prior  to  operation,  the  stroke  volumes  were 
found  to  be  only  0.83  cc.  and  0.78  cc.  per  kilo  body  weight.     Analyses  of  the 
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ether  content  in  the  inspired  and  expired  air  and  in  the  arterial  and  venous  blood 
furnished  the  data  for  these  calculations.  Similarly  Doi  (with  Barcroft)  found 
the  oxj'gen  utilization  to  be  5.5  volumes  per  cent  and  the  stroke  volume  of  the 
heart  only  0.74  cc.  per  kilo  in  a  cat  under  urethane  (see  also  p.  180). 

Observations  on  the  heart-lung  preparation.  The  heart- 
lung  preparation,  or  reduced  circulation,  was  first  utilized  by  Newell 
Martin  and  was  adapted  for  investigation  of  our  problem  by  his  pupils, 
Howell  and  Donaldson.  A  cannula  is  tied  into  the  aorta  close  to  the 
semilunar  valve,  and  is  connected  to  a  rubber  tube  leading  to  an  ele- 
vated reservoir,  in  which  the  blood  may  be  collected  and  measured. 
A  similar  arrangement,  connected  to  a  cannula  tied  into  the  superior 
vena  cava,  supplies  defibrinated  blood  to  the  right  heart  under  any 
desired  head  of  pressure.  All  other  systemic  arteries  and  veins  are 
tied  oflf  so  that  the  blood  circulates  only  through  the  heart  and  lungs, 
which  are  ventilated  artificially,  and  through  the  rubber  tubes  and 
glass  vessels.  Howell  and  Donaldson  found,  as  have  all  other  investi- 
gators, that  the  stroke  volume  is  scarcely  at  all  affected  by  variations 
of  arterial  pressure;  the  heart  discharges  as  large  a  volume  against  a 
high  as  against  a  low  pressure.  On  the  other  hand,  the  stroke  volume 
was  found  to  be  absolutely  dependent  upon  the  pressure  at  which  the 
blood  was  supplied  to  the  right  heart.  Howell  and  Donaldson  esti- 
mated the  stroke  volume  of  the  heart  for  dogs  at  1.17  cc.  per  kilo  body 
weight  at  180  heart  beats  per  minute;  but  in  their  experiments  this 
volume  was  not  reached  in  most  cases  until  abnonnally  high  venous 
pressures  were  applied.  At  normal  venous  pressure  (5  to  7  cm.  of 
water)  the  stroke  volumes  were  only  0.5  cc.  per  kilo  or  less.  This  re- 
lation of  venous  pressure  and  stroke  volume  may  be  illustrated  from 
one  of  their  experiments,  in  which  the  heart  of  a  dog  of  8.G  kilos  at  rates 
of  beat  of  91  ±4  per  minute  behaved  as  follows  (with  the  stroke  volume 
in  cc.  per  kilo  calculated  by  the  reviewer): 

VcnouB  prcBBure,  cm 10        20       30       40       50       60       65       70        10 

Stroke  volume,  cc 2.61    5.08    6.42    8.39    9.4    10.97  10.8    10.8      2.38 

Stroke  volume,  cc.   per 
kilo 0.29    0.59    0.74    0.97    1.09    1.27    1.25    1.26    0.27 

The  largest  stroke  volume,  at  00  cm.,  was  thus  only  1.27  cc.  per  kilo, 
while  that  at  10  cm.  a  figure  already  above  the  normal  effective  venous 
prcfwure  wan  less  than  0.3  cc.  per  kilo.  Edema  of  the  lungs  (due  we 
may  guess  to  the  high  venf)UH  pressure  found  necessary  to  overcome 
the  abnormal  undiHtenKibility  of  the  heart)  brought  numy  of  the  ex- 
periments to  a  speedy  end. 
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The  importance  of  the  phenomena  of  muscular  relaxation,  particularly  in 
relation  to  the  total  amount  of  work  possible  in  a  given  time,  has  only  recently 
begun  to  receive  recognition.  It  is  a  priori  probable  that  the  speed  of  a  runner 
over  any  short  distance  is  dependent  upon  the  velocity  with  which  his  muscles 
relax,  and  allow  themselves  to  be  stretched,  quite  as  much  as  upon  the  velocity  of 
their  contraction.  In  similar  fashion  in  the  heart,  the  velocity  and  extent  of 
relaxation,  in  other  words,  the  ease  with  which  the  muscle  stretches  under  the 
distending  force  of  venous  pressure,  is  probably  quite  as  important  a  factor  in 
the  heart's  behavior  as  the  force  and  rapidity  of  the  systolic  contraction.  Can- 
non (1911)  has  emphasized  somewhat  the  same  behavior  in  the  stomach  which  he 
terms  its  "receptive  relaxation."  In  the  heart,  as  in  the  stomach,  the  diastolic 
receptive  relaxation  is  a  vital  factor  and  not  merely  a  mechanical  stretching  like 
that  of  a  rubber  bag.  Being  vital,  it  is  variable.  In  the  experiment  above  quoted 
the  data  of  venous  pressure  and  stroke  volume  show  the  heart  to  have  been  so 
abnormally  resistant  to  distention  that  we  must  regard  its  behavior  as  outside 
the  field  of  normal  physiology  and  as  belonging  to  an  artificial  pathology.  As  the 
blood  employed  in  the  experiments  of  Howell  and  Donaldson  was  necessarily 
excessively  aerated,  and  its  content  of  CO2  and  the  ratio  of  HaCOj:  NaHCOj  were 
thus  abnormally  reduced,  the  behavior  of  the  heart  is  explicable  as  the  now 
well  demonstrated  result  of  such  alteration  in  the  blood. 

Evidence  obtained  by  a  similar  technique  by  Starling  and  his  pupils 
in  a  large  number  of  papers  has  led  Starling  to  formulate  what  he  terms 
the  "law  of  the  heart."  It  is  an  extension  of  the  all  or  nothing  law  and 
defines  the  conditions  determining  the  force  of  contraction;  it  were 
better  called,  therefore,  the  law  of  systole.  In  its  strictest  formulation 
Starling  in  his  Linacre  lecture  defines  it  thus:  Within  physiological 
limits  the  larger  the  stroke  volume  of  the  heart,  the  greater  are  the 
energy  of  its  contractions  and  the  amount  of  chemical  change  at  each 
contraction.  In  other  words,  the  energy  of  contraction  however 
measured  is  dependent  upon  the  length  of  the  muscle  fibers.  Any 
increase  in  the  extent  of  active  surface  increases  the  energy  of  change, 
exactly  as  in  striated  muscle.  Thus  the  uniformity  of  stroke  volume 
against  varying  arterial  pressures,  which  all  investigators  have  found, 
depends  upon  the  fact  that,  while  the  first  few  heart  beats  after  a  rise 
of  pressure  are  slightly  subnormal  in  amount,  the  consequent  increase 
of  the  volume  of  blood  in  the  heart  calls  into  play  greater  power  of 
contraction.  In  a  similar  way  this  law  explains  the  capacity  of  the 
heart  to  accept  widely  varying  amounts  of  blood  from  the  venous  sys- 
tem, and  to  increase  the  amplitude  of  its  strokes  so  as  to  pump  the 
whole  increased  volume  from  the  venous  side  over  into  the  arteries. 
In  the  main  the  formulation,  as  Starling  states  it,  is  merely  qualitative 
and  not  developed  in  terms  of  cubic  centimeters  per  kilo  nor  in  milli- 
meters of  venous  pressure.     His  conception  is  that,  practically  speaking, 
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the  stroke  volume  is  determined  by  the  venous  return  and  pressure, 
and  that  it  is  a  widely  varying  function  even  in  the  normal  individual 
under  uniform  conditions. 

The  behavior  of  the  heart  in  the  heart-lung  preparation  appears  on 
the  whole  to  be  quite  different  from  that  which  the  preceding  pages 
have  given  us  good  reason  to  believe  prevails  in  the  normal  living  man. 
While  this  technique  throws  much  light  on  the  inherent  capacities  of 
the  heart,  it  affords  also  an  illustration  of  the  errors  resulting  from 
neglect  of  the  doctrine  established  by  Pawlow  in  his  Work  of  the  Diges- 
tive Glands,  that  the  behavior  of  an  organ  can  only  be  inferred  with 
certainty  from  observations  made  while  it  is  functioning  in  the  body 
of  a  living,  healthy,  happy,  unanesthetized  animal.  As  Haldane 
(1922)  expresses  it,  "The  various  activities  of  a  living  organism  can  not 
be  inferred  in  isolation  from  one  another,  since  in  the  Uving  body  or- 
ganic regulation  dominates  them."  Thus  "preparations  from  the 
bodies  of  animals"  and  experiments  on  "fragments  of  animals"  are 
often  essentially  misleading. 

Starling  gives  a  definition  of  tonus  which  seems  to  the  reviewer  to 
be  merely  a  rhetorical  circle.  It  is  the  "fitness  of  the  muscle  fibre," 
and  its  measure  is  the  "energy  set  free  at  each  contraction."  He  con- 
siders it  as  a  condition  largely  independent  of  the  extent  of  relaxation 
and  contraction  and  correspondingly  lacking  any  necessary  relation 
to  the  size  of  the  heart's  chambers  at  the  time.  This  view  is  quite 
different  from  that  which  the  volume  curve  reveals,  and  different 
therefore  from  the  usual  meaning  of  tonus  in  respect  to  striated  muscle 
and  to  such  hollow  organs,  analogous  to  the  heart,  as  the  stomach, 
bladder  and  blood  vessels.  Tonus  in  general  is  best  defined  as  the 
height  of  the  coefficient  of  elasticity;  and  hence  the  degree  of  resistance 
to  deformation. 

The  conditions  in  experiments  on  the  heart  lung  preparation  are  abnormal  in 
the  entire  elimination  of  the  cardiac  reflex  nervous  control,  and  in  the  repliioenient 
of  the  influence  of  the  arteriomotor  and  vonoprcssor  mechanisms,  the  arterial 
retuitaDce  and  preMure  and  the  venous  roiurii  and  pressure,  by  urranKomcnts 
of  glaM  and  rubber.  They  are  also  abnormal  in  that,  while  the  blood  is  ucrated 
in  the  luDKS  and  thus  adequately  oxygenated,  it  is  over-vontilatod  as  regards 
COi;  for  the  only  considerable  source  of  C0|  in  the  experimental  arrangement  is 
the  heart  ttaelf.  Thus  not  only  is  the  COi  content  of  the  blood  rediicod  very  low, 
but  the  COj  ratio  (UtCOi  :  NallCOi)  and  the  TT-ion  concentration  arc  abnormally 
reduced.  The  heart  ia  thua  rendered  abnormally  resistant  to  distention  and 
abnormally  high  venous  pressures  are  usiially  necessary.  (Henderson,  1908; 
Jerusalem  and  Ktarling,  Kaya  and  Rtarling,  Nfoore,  Patterson,  MniiHf(>l(i,  Mathi- 
•On,  liamf,  Hooker,  1912.)  On  the  other  hand,  the  arrangement  has  distinct 
advantafcs  in  the  ease  of  (idjiiHtmeiil  of  iirteriiil  resistance  and  venous  supply. 
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When  we  turn  to  the  detailed  data  of  Starling's  experiments,  and  compare  the 
venous  pressures  employed  and  the  stroke  volumes  obtained  with  those  of  a 
normal  man  or  animal,  we  find  that  the  blood  flow  in  cubic  centimeters  per  kilo 
body  weight  (figures  which  unfortunately  are  not  calculted  in  the  originals)  are 
not  only  very  variable  in  different  experiments  and  papers,  but  also  are  often  so 
abnormal  that  they  would  be  entirely  incompatible  Avith  normal  life.  Thus  in 
many  experiments  the  stroke  volumes  figure  out  to  less  than  0.5,  or  0.4,  or  even 
0.3  cc.  per  kilo  body  weight  at  the  normal  effective  venous  pressure  of  5  or  6  cm. 
water.  They  are  indeed  larger,  but  often  less  than  1  cc.  per  kilo,  at  the  relatively 
high  pressures  of  8  to  10  cm. ;  and  in  many  experiments  they  do  not  amount  to  as 
much  as  1.5  cc.  per  kilo  body  weight  until  the  enormous  and  abnormal  venous 
pressures  of  20  or  30  cm.  are  reached;  and  then  the  heart  breaks  down  or,  as 
Starling  puts  it,  is  fatigued,  although  the  stroke  volume  and  the  work  done  by  the 
heart  are  not  greater  than  it  maintains  for  years  during  normal  life.  On  cats  a 
maximal  stroke  volume  of  1  cc.  is  found.  The  body  weights  are  not  given,  but  if 
we  assume  3  kilos,  the  stroke  volume  and  circulation  rate  would  figure  out  to 
quantities  which  would  be  even  smaller  (in  cubic  centimeter  per  kilo  body  weight) 
than  in  the  dogs'  hearts  studied. 

We  have  here  then  the  same  phenomenon  as  that  exhibited  in  the  experiment 
of  Howell  and  Donaldson  above  quoted.  The  essential  points  against  all  such 
data  are  two:  1,  The  normal  effective  venous  pressure  in  a  small  animal  during 
rest  is  only  5  to  7  cm.  water.  2,  If  the  stroke  volumes  at  such  pressures  during 
life  were  less  than  0.3  cc.  per  kilo  body  weight,  the  coefficient  of  oxygen  utilization 
would  rise  to  100  per  cent,  and  the  man  or  animal  would  die  of  asphyxia;  unless, 
as  Tigerstedt  has  pointed  out,  Bohr  was  correct  in  claiming  that  there  is  normally 
a  large  pulmonary  oxidation. 

In  fact,  however,  it  is  exceedingly  probable  that  such  observations  are  simply 
errors  due  to  faulty  experimental  technique,  and  that  the  hearts  were  abnormally 
resistant  to  distention  owing  to  their  perfusion  with  blood  in  which  the  CO?  con- 
tent was  abnormally  low.  That  this  was  the  case  is  clearly  proved  by  the  experi- 
ments of  Lovatt  Evans  (with  Starling)  in  which  the  blood  gas  analyses  show  that 
the  CO2  content  of  the  blood  was  reduced  to  one-third  or  even  a  quarter  of  the 
normal.  Henderson  (1908)  showed,  and  Jerusalem  and  Starling  confirmed  the  ob- 
servation, that  extremely  acapnial  blood  has  this  effect  upon  the  heart,  although  in 
later  work  Starling  and  his  collaborators  have  sometimes  neglected  this  condition. 

In  investigations  which  Henderson  and  Prince  (1913)  carried  out  upon  the 
excised  cat's  heart  the  same  small  stroke  volumes,  1  cc.  or  less,  were  observed  at 
first  in  hearts  perfused  with  diluted  sheep's  blood;  but  when  this  blood  was  not 
only  oxygenated  but  also  impregnated  with  at  least  50  volumes  per  cent  of  COj, 
the  stroke  volumes  were  increased  to  3  or  4  cc.  for  each  ventricle  at  venous  pres- 
sures of  only  5  or  6  cm.  of  blood;  and  the  hearts  continued  to  beat  in  this  way  for 
hours.  It  was  found  that  even  a  small  amount  of  ether  was  deleterious,  and  in  the 
best  experiments  sudden  decapitation  without  the  slightest  prevous  anxiety, 
pain  or  anesthesia,  was  employed  before  excision  of  the  heart. 

In  their  investigations  on  cats'  hearts  perfused  with  oxj^genated  and 
adequately  carbonated  sheep's  blood,  Henderson  and  Prince  found  that 
the  left  ventricle  behaves  in  a  manner  in  general  accord  with  Starling's 


192  YAiNDELL   HENDERSON 

law,  but  at  a  very  much  lower  range  of  pulmonary  venous  pressures 
than  those  which  one  infers  (if  the  left  ventricle  behaved  at  all  like  the 
right)  from  the  papers  of  Starling  and  his  collaborators.  In  the  right 
heart,  on  the  contrary-,  the  maximum  stroke  volume  (three  times  larger 
than  any  obtained  by  Starling  and  his  collaborators  even  at  abnormally 
great  venous  pressures  and  without  the  '*  fatigue  of  the  heart"  which 
they  met)  was  attained  at  about  5  cm.  pressure.  Above  this  pressure 
all  beats  were  maximal.  Below  this  level  the  stroke  volume  varied 
with  the  pressure.  The  left  heart  was  capable  of  taking  more  than 
the  right  heart  was  capable  of  sending.  The  general  conception  reached 
was  that,  while  the  left  ventricle  is  the  chief  motor,  the  right  ventricle 
is  essentially  the  meter  of  the  circulation.  How  this  meter  is  operated 
and  controlled  is  best  shown  in  studies  of  the  volume  curve  of  the 
ventricles. 

The  volume  curve  of  the  ventricles.  Douglas  and  Haldane  in 
the  paper  previously  quoted  have  furnished  strong  evidence  that  the 
initial  description  of  the  volume  curve  (Henderson,  1906)  affords  an 
essentially  correct  picture  of  the  behavior  of  the  heart  in  a  normal 
man.  The  general  features  of  the  circulation  rate  shown  by  this  method 
differed,  not  so  much  qualitatively  as  quantitatively,  from  those 
found  in  most  of  the  investigations  upon  animals  quoted  in  the  preced- 
ing pages.  This  result  was  due  to  the  observance  of  certain  precau- 
tions, without  which  the  results  of  this  method  would  also  show  the 
same  lack  of  simple  relation  of  heart  rate  and  stroke  volume  to  circu- 
lation rate,  the  same  necessity  for  abnormally  great  venous  pres- 
sures, and  the  same  extension  of  Starling's  law  far  above  normal  limits, 
which  the  investigators  quoted  in  the  two  procoding  sections  have 
generally  found  under  operative  conditions.  The  precautions  were 
prevention  of  acapnia,  and  assurance  of  a  normal  venous  supply  and 
pressure,  as  indicated  by  the  upstroke  of  the  volume  curve,  expressing 
the  diastolic  receptive  relaxation  and  filling  of  the  heart.  A  number 
of  other  investigators  (Wiggers,  Straub,  deHeer,  Socin,  Schram)  have 
studied  the  volume  curve  and  have  utilized  it  for  important  contribu- 
tioHH  to  analysi.s  of  the  heart's  mechanics,  nonual  and  abnornuil.  Most 
of  this  work  lies  l>eyond  the  immediate  scope  of  this  review.  The  chief 
pointti  to  Ik;  hero  considered  are  concerned  with  the  diastolic  filling  of 
the  heart  a«  the  underlying  condition  determining  the  stroke  volmne 
(HenderMon,  1008,  1000;  Henderson  and  liarringer). 

Harvey 'h  moIc  considerable  mistake  (so  far  as  we  yet  know)  in  describ- 
ing the  heart  Iwftt  lay  in  the  statcnwuf  timt  it  is  the  contraction  of  the 
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auricles  which  fills  the  ventricles.  The  volume  curve,  on  the  contrary, 
demonstrates  that  the  greater  part  of  the  filling  takes  place  during  the 
earlier  part  of  diastole,  the  period  inunediately  after  the  systole  of  the 
ventricles;  the  next  following  systole  of  the  auricles  usually  adding  very 
little  blood  to  the  ventricles,  although  having  other  important  func- 
tions not  here  in  question  (Henderson  and  Johnson).  Venous  pressure, 
not  the  force  of  auricular  systole,  is  the  agency  which  distends  the 
ventricles. 

If  the  heart  is  capable  of  varying  its  amplitude  of  stroke  tenfold,  or 
even  threefold,  as  has  been  held  by  Ludwig,  Zuntz,  Starling  and  others, 
it  is  essential  to  learn  the  controlling  conditions.  In  the  respiratory 
mechanism,  in  which  very  large  variations  do  occur,  the  variations  of 
tidal  volume  depend  upon  the  innervation  of  the  diaphragm  by  the 
phrenics  and  upon  the  intercostal  muscles  and  nerves.  Do  the  cardiac 
nerves  exert  a  similar  control  over  the  amplitude  of  heart  beat?  Hen- 
derson and  Barringer  utilized  the  volume  curve  technique  to  show  that 
the  cardiac  nerves  have  no  such  power  over  the  heart,  and  that  it  is 
only  through  variations  of  rate  of  beat  that  the  vagi  and  sympathetics 
influence  the  amplitude  of  beat  and  the  stroke  volume.  When  the 
rate  is  so  rapid  as  to  leave  insufficient  time  for  full  strokes,  stimulation 
of  the  vagi  by  slowing  of  the  rate  of  beat  and  lengthening  diastole, 
may  allow  larger  strokes.  At  very  rapid  rates  further  acceleration 
induced  by  stimulation  of  sympathetic  fibers,  by  abbreviating  diastole, 
may  leave  inadequate  time  for  relaxation  and  filling,  and  may  thus 
decrease  the  amplitude  of  beat.  Aside  from  such  effects,  however, 
the  cardiac  nerves  have  little  direct  influence  upon  the  stroke  volume, 
although  Wiggers  and  Katz  (1920)  and  Wiggers  (1920)  have  found 
that  the  duration  of  the  periods  of  the  cardiac  cycle  may  be  influenced. 

The  relation,  which  the  volume  curve  shows  between  venous  pressure 
and  stroke  volume,  is  that  the  rapidity  and  extent  of  diastolic  filling 
increases  progressively  from  zero  pressure  up  to  an  effective  venous 
pressure  about  equal  to  that  existing  in  a  normal  man  or  animal,  that 
is  up  to  about  5  cm.  of  water  in  the  dog.  At  this  critical  value  the 
stroke  volume  in  dogs  is  about  1.5  to  2.0  cc.  per  kilo  body  weight,  and 
makes  practically  no  increase  with  further  increase  of  venous  pressure 
within  physiological  limits;  during  healthy  life  all  beats  are  therefore 
of  about  maximal  amplitude.  Below  the  critical  level  lies  the  first  stage 
of  circulatory  depression;  in  this  state  occur  all  the  bewildering  and  at 
first  sight  lawless  relations  which  have  usually  been  found  between 
stroke  volume,  rate  of  beat  and  circulatory  rate.     It  is  probable  that 
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the  circulation  in  a  person  who  is  ill  behaves  thus.  The  second  stage 
of  still  less  adequate  venous  supply  and  filling  of  the  heart,  and  conse- 
quent fall  of  arterial  pressure,  is  the  essential  circulatory  feature  of 
well-defined  shock. 

In  general  Wiggers  and  his  collaborators  have  confirmed  this  con- 
ception of  the  dependence  of  the  filling  of  the  ventricles  and  their  stroke 
volume  upon  venous  pressure.  Wigger's  observations  on  hemorrhage 
(1910)  are  especially  valuable  analyses  of  these  relations.  Wiggers 
(1914)  and  Wiggers  and  Katz  (1922)  have  attempted,  however,  to 
show  that  the  critical  venous  pressure,  that  below  which  the  stroke 
volume  is  not  maximal  but  variable,  is  much  above  the  normal  effec- 
tive venous  pressure;  and  this  would  mean  that  the  stroke  volume  in 
normal  life  is  a  widely  varying  quantity.  Examination  of  their  proto- 
cols and  records  shows  that  these  observations  were  made  on  hearts 
which,  like  those  in  the  experiments  of  Howell  and  Donaldson,  Star- 
ling and  others,  were  abnormally  resistant  to  distention.  At  normal 
venous  pressures  the  circulation  rates  were  too  small  to  provide  the 
amount  of  ox>'gen  which  the  body  requires  to  support  life — unless 
Wiggers  is  prepared  to  adopt  the  Bohr  theory  of  a  large  consumption 
of  oxygen  in  the  lungs.  Like  a  great  part  of  all  the  evidence  in  the 
literature  regarding  blood  flow,  his  experiments  on  this  topic  are  mis- 
leading because  made  when  the  subjects  were  moribund. 

The  volume  curve  also  demonstrates  that  the  rate  of  relaxation  of 
the  heart  in  diastole,  as  expressed  in  the  up-stroke  of  the  curve,  is 
quite  as  important  a  feature  of  the  heart's  behavior  and  effectiveness 
as  a  pump,  as  is  the  systolic  contraction  expressed  in  the  down-stroke 
of  tlie  curve.  It  is  essentially  similar  to  the  relaxation  curve  of  a 
striated  muscle  in  an  isotonic  contraction  curve:  very  steep  at  fii*st,  a 
bend,  and  then  a  part  approaching  a  horizontal  line.  Diastole  is 
thus  found  to  consist  of  a  period  of  rapid  relaxation  and  filling,  and  a 
period  of  diastasis  (Henderson,  1900)  in  which  the  tlilatation  is  much 
slower  or  even,  when  this  period  is  prolonged,  comes  to  a  standstill. 
Diagtaws  may  therefore  bo  abbreviated  by  increase  of  heart  rate  with- 
out considerably  diminishing  amplitude  of  stroke.  The  extent  of  the 
systolic  contraction  also  increases,  and  the  volumes  of  blood  in  the 
heart  at  the  end  both  of  systole  and  of  diastole  decrease,  with  increas- 
itif^  rapidity  of  l)cat  and  the  accompanying  increase  of  tonus.  Varia- 
tions of  the  duration  of  diastasis  afford  the  principal  explanation  of  the 
fact  that  the  normal  human  heart  in  such  a  subject  as  Douglas  (see 
table  1,  B)  is  capable  of  the  same  volume  of  stroke  at  GO  and  ut  150 
beats  per  minute. 
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Rates  of  beat  so  rapid  as  to  allow  no  time  for  diastasis,  and  even 
to  cut  into  the  period  of  rapid  relaxation,  necessarily  involve  an  abbre- 
viated amplitude  of  diastolic  relaxation  and  a  corresponding  decrease 
of  filling  and  of  stroke  volume.  At  such  excessive  rates  of  beat, 
although  the  product  of  stroke  volume  and  the  rate  of  beat,  that  is, 
the  circulation  rate,  may  for  a  time  increase  still  further,  a  decrease 
must  ultimately  occur  as  the  heart  approaches  a  condition  bordering  on 
tetanus.  The  less  rapid  the  diastolic  relaxation  of  the  individual  heart, 
the  sooner  this  condition  must  develop.  If  an  old  man's  heart  relaxes 
slowly,  his  capacity  for  physical  exertion  is  thus  limited  (compare  p. 
189);  for  the  circulation  rate  would  not  be  accelerated  proportionally 
to  the  pulse  rate  during  exertion,  even  though  the  systolic  contractions 
were  still  like  those  of  youth. 

There  are  distinct  differences  between  the  cardiac  volume  curves  of 
the  cat  and  dog,  the  two  animals  which  have  been  studied  and  from 
which  we  infer  the  behavior  of  the  human  heart;  in  the  cat  diastasis 
is  generally  a  comparatively  slight  feature  at  normal  heart  rates,  while 
in  the  dog's  heart  it  is  usually  a  definite  period.  From  these  facts 
it  may  be  inferred,  in  accord  with  the  capacities  of  the  two  animals  for 
exertion,  that  a  dog's  heart  with  increasing  rate  of  beat  merely  abbre- 
viates diastasis  without  decreasing  amplitude  of  stroke,  and  thus 
increases  the  circulation  rate:  hence  the  dog's  capacity  for  sustained 
exertion.  In  the  cat,  an  animal  capable  of  sudden  and  intense  but 
only  brief  exertion,  an  increase  of  heart  rate  necessarily  decreases 
amplitude  of  stroke,  and  can  increase  the  circulation  rate  comparatively 
little. 

The  human  heart  certainly  behaves  in  a  manner  equally  characteristic 
for  the  species  man;  but,  as  its  volume  curves  can  not  be  directly  re- 
corded, we  have  to  infer  the  shape  of  the  curve,  and  hence  the  capabili- 
ties of  the  heart,  indirectly.  From  the  durations  of  systole  and  diastole 
at  various  rates  of  beat  as  measured  in  pulse  curves,  the  writer  has 
found  (unpublished  observations)  that  in  some  persons  the  shape  of 
the  volume  curve  may  be  plotted;  indicating  conformity  to  a  uniform 
or  "superimposable"  type  curve.  Evidently  the  heart  of  a  vigorous 
man,  which  has  a  duration  of  systole  of  0.2  to  0.25  second  and  is  capable 
of  beating  150  times  a  minute,  or  0.4  second  per  beat,  without  consid- 
erable abbreviation  of  the  duration  of  systole  or  lessening  of  amphtude 
of  stroke  volume,  is  an  organ  of  very  rapid  diastolic  relaxation  and 
filling.  The  capacity  of  an  athlete  for  intense  and  prolonged  exertion 
must  be  founded  in  part  upon  the  rapidity  and  extent  of  the  up-  and 
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down-strokes  of  the  volume  curve  of  his  heart,  and  upon  a  long  diastasis 
during  slow  pulse  rates:  a  volume  curve  during  rest  shaped  almost 
like  a  succession  of  mathematical  root  signs. 

The  claim  that  the  volume  curve  can  not  be  a  true  index  of  the  stroke 
volume  (Gesell)  is  refuted  by  the  fact,  established  by  Rothberger,  that 
the  circulation  rate  calculated  from  a  volume  curve,  and  that  from  a 
stromuhr  inserted  in  the  aorta,  with  a  reasonable  allowance  for  the 
coronary  blood  flow,  give  nearly  identical  measurements  of  the  circula- 
tion rate.  (For  the  special  type  of  tambour  required  to  record  the 
volume  curve  without  appreciable  error,  see  Henderson  and  Barringer.) 

HMCAMIM.  «CU»C 
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Fig.  1.  Typical  volume  curves  at  slow,  medium  and  rapid  heart  rates,  with 
the  corresponding  changes  of  tonus,  and  o£  systolic  and  diastolic  volume.  The 
lower  dotted  curves  illustrate  the  effect  of  a  slow  diastolic  filling,  either  from  slow 
relaxation,  or  low  venous  pressure.  The  upper  dotted  curve  at  the  right  illus- 
trates the  conception  of  a  uniform,  superimposable,  normal  volume  curve.  If 
the  first  three  beats  at  the  left  indicate  a  circulation  rate  of  (siiy)  1.0  liter  per 
minute,  the  next  would  give  1.6,  the  next  2.5,  and  the  rapid  beats  at  the  right 
3.0  liters  per  minute.  The  corresponding  dotted  curves  with  slow  diastolic  re- 
laxation and  filling  indicate  circulation  rates  of  1.0,  1.0,  0.9  and  O.S  liter  per 
minute.  To  see  the  similarity  of  volume  curves  to  isotonic  muscular  contractions, 
look  at  them  upside  down. 

The  volume  curve  has  the  same  form  as  an  isotonic  muscle  curve,  as 
Frank  first  showed.  This  indicates  tlmt  in  the  contraction  and  refill- 
ing of  the  heart,  the  volume  of  blood  in  the  ventricles  varies  directly 
as  the  length  of  the  cardiac  muscle  fibers.  On  geometrical  grounds  it 
has  gorierally  been  held  that  the  volume  must  vary  us  the  cube  of  the 
length  of  the  muscle  fibers.  This  would  of  course  be  necessarily  true, 
if  all  diameters  varied  proportionally;  but  such  is  not  the  case,  and  the 
heart  would  he  a  far  less  eflicient  pinnp  if  it  were:  in  fad,  the  dorso 
v(?ntral  diameter  may  even  increase  (hiring  systole.  If  nil  cUamctcrs 
varied  proportionally,  the  shape  of  the  volume  curve  would  be  quite 
different  from  the  isotonic  form. 

In  some  of  the  Ijcst  records  of  the  volume  curve  it  was  found  (Hen- 
derson, 1008)  that  at  various  rates  and  amplitudes  of  beat  the  volume 
curves  were  longer  or  shorter  arcs  of  a  nearly  uniform  typo  (Mirvo 
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obtained  during  slow  and  full,  or  vagal  beats.  Wiggers  and  his  collab- 
orators have  subjected  this  theoretical  conception  to  a  searching  experi- 
mental critique,  and  have  shown  that  under  experimental  conditions 
it  does  not  hold  at  all  precisely.  Nevertheless  in  his  recent  discussions 
of  the  mechanics  of  the  heart,  Wiggers  seems  to  keep  this  conception 
as  a  background,  and  to  regard  it  as  the  underlying  principle  of  normal 
cardiac  behavior,  as  the  reviewer  believes  it  to  be.  It  is  probable, 
however,  that  in  spite  of  every  precaution  in  maintaining  vitality  in 
an  experimental  animal,  even  the  best  volume  curves  obtainable  fall 
short  of  the  normal  steepness  and  extent  of  the  diastolic  up-stroke; 
for  a  dog  must  have  the  capacity,  as  a  man  certainly  has,  but  as  only 
the  most  spike-hke  (vagal)  strokes  in  the  volume  curve  would  allow, 
to  increase  the  rate  of  beat  to  2.5  or  even  3  times  the  resting  rate  without 
decrease  of  amplitude  of  stroke. 

Some  years  ago  Prince  and  Henderson  devised  a  cardiometer  with  a 
soft  rubber  bag  inside  it  fastened  at  the  edge  of  the  window.  The 
apparatus  could  be  placed  over  the  heart  and  the  thorax  again  sewed 
up  without  leaving  a  pneumothorax.  The  air  tube  connected  with  the 
space  between  the  bag  and  the  cardiometer  was  led  out  through  the  body 
wall  without  leak.  The  work  was  not  published  because,  after  the 
animals  had  come  out  of  anesthesia  with  the  cardiometer  inside  of  them, 
they  were  not  vigorous  enough  to  do  more  than  to  stand  or  walk  slowly, 
instead  of  running  on  a  tread  mill  as  intended.  As  they  were  unfit  for 
vigorous  exertion  after  so  large  an  operation,  it  was  soon  necessary  to 
anesthetize  and  kill  them.  The  volume  curves  of  the  ventricles 
recorded  from  them,  however,  were  in  all  essential  features  identical 
with  those  previously  published. 

The  venopressor  mechanism.  One  of  the  principal  contributions 
which  recent  years  have  brought  to  our  topic  has  been  the  general 
recognition  of  the  importance  of  the  volume  and  pressure  of  the  venous 
blood  stream  returning  to  the  right  heart  (Henderson,  1908,  1910; 
Mann;  Dale  and  Laidlaw,  Dale).  The  conditions,  whatever  they  are, 
underlying  the  venous  return  may  be  conveniently  termed  the  veno- 
pressor mechanism.  It  is  the  volume  and  pressure  of  the  venous  return 
which,  combined  with  the  diastolic  receptive  relaxation  and  distensi- 
bility  of  the  right  ventricle,  determines  the  stroke  volume.  It  is  this 
factor  in  the  circulation  rather  than  any  variation  in  the  heart  itself, 
which  detei-mines  what  clinicians,  after  feeling  the  pulse,  term  "the 
force  of  the  heart  beat."     What  is  the  nature  of  this  mechanism? 
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Ludwig  and  his  pupils,  and  following  them  all  physiologists  down  to 
recent  years,  assumed  without  the  slightest  suspicion  of  a  possible  error 
or  omission  that  regulation  of  the  circulation  falls  almost  wholly  under 
the  control  of  onlj^  two  mechanisms:  the  cardiac  and  the  vasomotor. 
If  the  heart  was  beating  vigorously  and  "blood  pressure"  (meaning 
arterial  pressure,  the  use  of  a  false  term  illustrating  the  error  we  are 
discussing)  was  at  a  normal  level,  then  the  circulation  was  assumed  to 
be  normal.  In  fact,  however,  the  venous  return  to  the  heart  is,  as 
first  shown  in  connection  with  studies  on  the  volume  curve  (Henderson, 
1908  et  seq,),  a  factor  in  the  circulation  largely  independent  of  arterial 
pressure  and  under  a  control  distinct  from  that  of  the  vasomotor 
(arteriomotor)  nervous  system. 

This  mechanism  is  as  yet  incompletely  analyzed,  but  seems  to  be 
located  in  the  capillaries  and  venules,  and  is  apparently,  like  respira- 
tion, largely  under  chemical  control.  Like  respiration  also,  it  is  very 
delicately  adjusted  and  is  easily  depressed  by  anesthesia  (Henderson, 
Haggard  and  Cobum),  over-ventilation  (Henderson,  1908  et  seq.), 
cold  (deAlmeida),  circulatoiy  obstruction  (Janeway  and  Jackson, 
Erlanger  and  Gasser),  hemorrhage  (Henderson  and  Haggard,  1922), 
histamine  (Dale  and  Laidlaw),  the  products  of  tissue  destruction  (Can- 
non, 1922),  and  other  even  slightly  depressive  conditions.  It  is  extremely 
probable  from  such  investigations  as  those  of  Romberg  and  Piissler 
and  Macallum  (for  literature  see  Hewlett,  1919)  that  in  the  circula- 
tory depressions  of  acute  disease  it  is  the  vcnopressor  mechanism  which 
i.s  usually  involved,  and  neither  a  cardiac  depression  nor  a  vasomotor 
depression  like  syncope. 

The  vasomotor  (arteriomotor)  mechanism  is  in  fact  usually  extremely 
resistant  to  depression,  as  has  been  conclusively  demonstrated  by 
W.  T.  Porter. 

In  accord  with  this  are  the  facts  demonstrated  in  this  laboratory  that 
the  wcil-rccognized  procedures  for  increase,  anil  maintained  increase,  of 
activity  of  the  vasomotor  mechanism,  such  as  direct  and  reflex  nerve 
stimulations,  adrenalin,  nervous  excitement,  etc.,  iiavc  only  a  momen- 
tary efT(;ct,  but  no  considerable  continuing  effect  on  venous  pressure; 
while  the  conditions  above  mentioned  as  (lei)ressing  the  venous  pressure 
and  return  are  compatible  even  with  excessive  vasomotor  activity. 

Owing  to  the  valves  in  many  of  the  systemic  veins,  bodily  move- 
rncnts  exert  a  pumping  action  and  propel  the  venous  blood  toward  the 
right  heart.  Th(!  inspiratory  movements  of  the  thorax  and  the  con- 
traction of  the  abdominal  muscles  in  deep  breathing  have  a  similar 
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effect.  A  general  vasoconstriction  by  increased  activity  of  the  adren- 
als— if,  as  Cannon  (1911)  holds,  this  occurs  during  fear  or  anger — may 
temporarily  increase  the  venous  flow  and  pressure.  A  splanchnic 
constriction  under  the  increased  innervation  of  excitement  or  exertion 
may  act  similarly.  But  all  of  these  factors  together  appear  to  be  quite 
insufficient  to  produce  the  gradually  rising  and  sustained  venous  pres- 
sure, and  the  augmented  flow  to  the  right  heart  which,  coincident  with 
an  accelerated  pulse,  produce  the  increased  rate  of  circulation-  during 
muscular  work  and  augmented  respiratory  metabolism. 

The  most  hopeful  field  in  which  to  look  for  the  now  unknown  essen- 
tial factors  in  the  venopressor  mechanism,  apart  from  the  vasomotor 
nervous  control  of  arteries  and  arterioles,  is  that  of  the  rapidly  accumu- 
lating knowledge  of  the  independent  contractility  of  capillaries  and  of 
such  circulatory  effects  as  those  of  histamine  (Dale  and  Laidlaw,  1919). 
Thus  Dale  in  his  Harvey  Society  lecture  (1919),  in  speaking  of  histamine 
shock,  shows  that  the  failure  of  the  circulation  is  due  to  relaxation  of 
capillaries,  stagnation,  decreased  venous  return,  inadequate  diastolic 
filling  of  the  heart,  and  consequent  failure  of  systolic  output.  As 
Krogh  also  (1919,  1922)  truly  says  in  speaking  of  shock  as  due  to 
capillary  dilatation:  "Nothing  can  be  more  striking  than  the  contrast 
between  ....  arteriole  dilatation  and  capillary  dilatation  re- 
spectively." These  statements  are  essentially  similar  to  those  of  the 
reviewer  (Henderson,  1908,  1910). 

Many  of  the  investigators  quoted  in  this  review  have  recorded  their 
opinion  that  the  circulation  rate  is  correlated  with  the  degree  of  muscu- 
lar activity,  oxygen  consumption  and  CO2  production.  In  general 
there  is  a  tendency  to  recognize  that  CO2  is  a  more  potent  influence 
(both  through  its  influence  upon  H-ion  concentration,  and  through 
specific  qualities)  than  is  oxygen  in  the  regulation  of  the  circulation, 
as  Haldane  and  others  have  shown  it  to  be  in  the  adjustment  of  respira- 
tion. The  evidence  will  therefore  be  here  briefly  cited  which  indicates 
that  the  amount  of  CO2  in  the  tissues  and  venous  blood  is  the  controlling 
factor  in  the  regulation  of  the  venopressor  mechanism  (whatever  its 
nature)  during  the  activities  of  normal  life. 

The  writer  has  had  peculiarly  favorable  opportunities  to  make 
observations  on  the  rise  of  venous  pressure  coincident  with  increase  of 
CO2  in  the  body  in  normal  men,  while  testing  so-called  oxygen  helmets 
for  the  U.  S.  Bureau  of  Mines.  If  the  alkali  cartridge  is  defective,  the 
exhaled  CO2  accumulates  in  the  apparatus  and  in  the  man's  body  while 
he  breathes  an  atmosphere  rich  also  in  oxygen.     A  marked  rise  of 
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venous  pressure  and  dilatation  of  veins  always  result.  The  same  extent 
of  venous  dilatation,  i.e.,  relaxation  of  the  veins  themselves,  occurs  in 
a  Turkish  bath;  but  under  mere  heat  the  rise  of  venous  pressure  is 
ab.sent.  Studj-ing  men  in  the  laboratory,  Henderson,  Prince  and 
Haggard  found  that  the  measurement  of  the  venous  return  in  man  is 
most  effectively  and  significantly  made  in  the  head  down  position. 
WTien  thus  observed  after  forced  breathing  the  venous  column  was 
lowered.  8  to  11  cm.,  an  amount  corresponding  to  the  depression  found 
by  the  same  method  in  patients  after  anesthesia  and  operation.  On  the 
other  hand  venous  pressure  was  markedly  elevated  alike  after  exercise 
and  after  inhalation  of  6  or  7  per  cent  CO2.  The  effects  passed  off 
slowly. 

Schneider  and  Truesdell  have  found  on  eleven  human  subjects  that 
when  the  alveolar  CO2  was  kept  at  7  per  cent  (normal  5.0  to  5.7)  and 
ample  oxj'gen  supplied,  the  venous  pressure  was  increased  74  per  cent. 
Capillary  and  arterial  pressures  also  rose,  while  the  volume  of  the  hand 
and  the  blood  flow  through  the  hand  decreased.  When  normal  air  was 
again  breathed,  venous  pressure  returned  to  normal  much  more  slowly 
than  arterial  and  capillary  pressures.  The  authors  say  that  "the  rise 
of  capillary  and  venous  pressure  ....  suggests  an  increased  return 
of  blood  to  the  heart,  and  therefore  a  well-defined  increase  in  the  minute 
volume  of  blood  flow  from  the  heart.  Contrary  to  this  indication  we 
find  the  heart  output  per  beat  ....  never  clearly  increased." 
Liljestrand  also  has  found  that  in  nonnal  subjects  inhalation  of  CO2 
does  not  augment  the  circulation  rate. 

The  fact  that  venous  pressure  may  be  distinctly  increased  in  normal 
subjects,  without  increase  of  stroke  volume,  seems  to  accord  with  the 
view  that  the  normal  venous  pressure  is  at  or  above  the  critical  value, 
and  is  therefore  sufficient  to  produce  maximal  beats.  On  the  other 
band,  in  patients  depressed  by  anesthesia  and  operation,  Henderson, 
Haggard  and  Coburn  iuive  obtained  marked  and  rapid  increase  of 
the  circulation,  particularly  of  the  venous  return  with  apparently  also 
a  greatly  increased  stroke  volume  and  striking  changes  in  the  skin 
capiliurics  under  ('()]  inhalation. 

Henderson  and  Harvey  attempted  to  analyze  the  problem  of  the 
Dature  of  the  venoprcssor  meciumisin,  but  the  argument  is  too  complex 
to  repeat  here.  It  was  in  part  liypothetieal  and  does  not  ai)i)ear  to 
have  been  convincing  to  others.  In  their  experiments  abolition  of 
vaDomotor  control  was  obtained  by  section  of  the  sj)inal  cord  in  curar- 
iseU  dogif  and  was  evidenced  by  enorraouH  lowering  of  arterial  presuure, 
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with  but  slight  or  no  change  of  venous  pressure.  Electrical  stimula- 
tion of  the  cord  restored  and  maintained  arterial  pressure,  but  affected 
venous  pressure  only  slightly.  In  a  curarized  dog  stimulation  of  the 
central  end  of  the  sciatic  induced  a  great  rise  of  arterial  pressure,  but 
only  a  slight  and  temporary  effect  on  venous  pressure.  In  decapitated 
cats  a  slow  injection  of  adrenalin  raised  and  maintained  arterial  pres- 
sure but  venous  pressure  was  affected  only  temporarily  and  returned  to 
a  low  level  even  during  continuation  of  the  injection.  On  the  other 
hand,  in  decapitated  cats  maintained  by  insufflation  of  oxygen,  the 
addition  of  15  per  cent  CO2  produced  only  sUght  effects  upon  arterial 
pressure  or  the  heart,  but  induced  and  maintained  an  enormously 
high  venous  pressure.  There  was  no  indication  that  the  heart  was 
injuriously  affected,  but  rather  the  contrary.  This  experiment,  in  the 
reviewer's  opinion,  shows  that  the  mode  of  coordination  between  the 
volume  of  the  venous  return  and  the  respiratory  metabolism  is  essen- 
tially through  the  peripheral  effects  of  CO2  or,  less  probably,  (as  arterial 
pressure  was  not  influenced)  through  spinal  centers.  But  the  problem 
is  only  in  its  beginning;  for  Krogh  (1919,  1922)  finds  that  the  respiratory 
gases  in  physiological  amounts  have  no  distinct  effects  upon  capiUaries. 
His  observations  are,  however  as  yet,  chiefly  upon  the  frog.  Mall's 
observations  are  usually  quoted  as  showing  that  the  additional  blood 
in  muscles  during  work  is  drawii  from  the  splanchnic  area.  But  this 
explanation  becon:ies  less  and  less  satisfactory  (Henderson  and  Harvey), 
or  even  tenable  (Burton-Opitz) . 

Mathison,  Hooker  (1918,  1920,  1922),  Fuhner  and  Starling  and  others 
have  worked  on  thfe  and  closely  related  topics.  Their  results  are  in 
general  not  very  concordant  with  the  conception  of  the  nature  of  the 
venopressor  mechanism  above  indicated  (Henderson,  Mann,  Dale, 
Krogh)  nor  with  each  other,  except  on  the  broad  fact  which  every  one 
now  admits  that  CO2  in  excess  and  CO2  deficiency,  whether  acting 
directly  or  through  the  H-ions  of  the  blood,  have  powerful  influences 
on  many  factors  in  the  circulation. 

Dale  and  Evans  have  recently  found  that,  in  cats  either  decapitated 
or  under  urethane  or  paraldehyde,  excessive  ventilation  induces  a 
marked  lowering  of  arterial  pressure;  but  that  this  effect  does  not  occur 
if  the  lungs  are  equally  vigorously  ventilated  with  air  containing  CO2 
(human  expired  air).  Venous  pressure  was,  however,  only  slightly,  if 
at  all,  affected;  and  they  consider  that  the  point  of  action  is  in  the 
spinal  vasomotor  centers.  They  show  that  the  effects  are  due  to 
acapnia,  and  not  to  alkalosis. 
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In  this  connection  attention  may  be  called  to  the  interesting  experi- 
ments demonstrating  the  peculiar  effectiveness  of  carbonic  acid  in 
contrast  to  other  acids  in  its  penetration  of  cells  and  influence  upon 
protoplasm  recently  reported  by  Jacobs. 

Whether  the  venopressor  mechanism  is  some  special  mechanism  or, 
as  is  still  held  by  most  investigators,  merely  a  part  of  the  general  vaso- 
motor mechanism,  is  a  question  for  further  investigation.  Both  ex- 
perimental and  clinical  observations  on  man  seem,  however,  to  demon- 
strate that,  both  in  the  ordinary  activities  and  work  of  human  life  and 
in  the  conditions  of  patients  under  anesthesia  and  operation,  CO2  is 
the  hormone  somehow  regulating  the  venous  return. 

Observations  by  x-ray.  The  x-ray  shadow  and  photograph,  and 
the  orthodiagram  have  not  afforded  such  complete  and  easily  inter- 
preted and  measured  data  as  might  at  first  have  been  expected;  and 
the  limits  of  space  here  allow  mention  only  of  points  directly  concerned 
with  our  topic,  with  no  attempt  at  a  general  survey  of  the  large  litera- 
ture of  x-ray  observations  on  the  heart. 

It  is  a  significant  fact  that  no  observer  has  reported,  and  we  may  be 
sure  therefore  that  there  do  not  exist,  such  variations  in  the  amplitude  of 
pulsation  of  the  heart's  shadow,  between  bodily  rest  and  muscular 
exertion,  as  would  be  expected  if  the  amplitude  of  the  stroke  volume 
is  subject  to  a  several  fold  variation.  On  the  contrary  so  far  as  the 
evidence  goes,  it  indicates  on  the  whole  a  stroke  volume  of  nearly 
uniform  amplitude  during  rest  and  exercise. 

Against  the  theory  of  much  larger  heart  beats  during  exertion  than 
during  rest  is  also  the  fact  that  the  shadow  is  generally  slightly  smaller 
(Dietlcn),  not  only  immediately  after,  but  even  during,  muscular  work 
(contrary  to  the  initial  observations  of  Nicolai  and  Zuntz,  and  Zuntz 
and  Schumberg)  than  it  is  during  rest.  No  larger  beats  should  there- 
fore be  expected  during  work. 

In  the  heart  shadow,  as  Dietlcn  also  says,  "at  the  end  of  the 
i^stolic  contraction  the  ventricles  appear  for  an  instant  to  stand  still; 

.  .  .  and  at  the  end  of  diastole  one  sees  (when  the  breath  is 
held)  that  for  a  relatively  long  period  the  ventricles  stand  quite  still." 
This  first  pause  is  a  confirmation  of  the  appearance  of  the  volume  curve 
(the  blunt  end  of  the  spike)  at  the  end  of  systole.  The  second  and 
longer  HtnndHtill  is  a  direct  demonstration  of  diastasis  as  a  normal  jieriod 
at  the  end  of  diastole  (hiring  slow  pulse  rates  in  man. 

Kvon  in  the  Hha<I()W  of  the  human  heart  the  maximum  extent  of 
movement  of  any  boundary  lino  is  only  0  mm.,  and  it  is  correspondingly 
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less  in  smaller  animals.  As  the  heart  does  not  contract  symmetrically, 
it  is  extremely  difficult  to  transforai  such  changes  of  area  into  values  in 
cubic  centimeters.  In  spite  of  this  difficulty,  Meek  and  Eyster  have 
utilized  the  shadow  of  the  dog's  heart  to  estimate  the  variations  in 
stroke  volume  after  hemorrhage,  and  find  practically  no  decrease  in 
the  shadow,  but  a  distinct  decrease  by  the  volume  curve,  under  a 
moderate  blood  loss.  They  have  also  applied  the  method  to  the  be- 
havior of  the  heart  during  an  artificially  produced  plethora,  and  find 
an  increase  both  of  diastolic  volume  and  of  stroke  volume  in  accord 
with  Starling's  law.  Exercise,  they  find  (1923) ,  may  increase  the  stroke 
volume  by  20  per  cent.  But  this  amount  is  so  slight  that  these  observa- 
tions really  weigh  strongly  against  the  theory  of  a  two  or  three  hun- 
dred per  cent  variation  of  stroke  volume.  Increase  of  stroke  volume 
coincident  with  decrease  of  diastolic  size  occurred  in  some  cases:  a  fact 
incompatible  with  increased  length  of  fiber  as  the  cause  of  the  increased 
stroke. 

In  like  manner,  Bruns,  in  a  recent  study  of  the  heart's  shadow  of 
forty-eight  human  subjects  during  rest  and  muscular  work,  finds  that 
in  75  per  cent  of  his  cases  the  heart  is  smaller  after  exercise  than  before 
exercise;  and  that  during  work  it  is  larger  in  15  per  cent  of  his  subjects, 
smaller  in  25  and  variable  in  the  remainder.  Even  an  increase  of  10  to 
40  mm.  arterial  pressure,  and  10  to  50  beats  per  minute  causes  a  maxi- 
mal increase  of  shadow  area  of  only  3.3  to  5.5  per  cent.  From  these 
observations  Bruns  concludes  that  the  human  heart  in  the  normal  body 
does  not  behave  as  Starling  and  other  investigators,  working  on  animals 
under  experimental  conditions,  have  generally  beUeved.  He  says 
that  there  is  "a  fundamental  distinction  between  experimental  and 
clinical  observations"  (meaning  by  "clinical  observations"  those  made 
under  the  conditions  of  real  life)  regarding  the  behavior  of  the  heart, 
for  in  order  to  produce  3  to  4  times  as  large  stroke  volumes  during  work 
as  during  rest,  as  these  writers  hold  to  occur,  distinct  increase  of  diastolic 
size  would  be  necessary.  That  he  would  have  found  such  an  increase, 
if  it  had  existed,  Bruns  shows  by  the  fact  that  any  decrease  of  venous 
return,  as  in  Valsalva's  experiment,  is  seen  in  a  marked  decrease  of  the 
area  of  the  heart's  shadow. 

In  regard  to  the  critically  important  point  thus  demonstrated,  it 
is  noteworthy  that  Starling  in  his  Linacre  lecture  (p.  25)  admits  that 
the  increase  of  size  (i.e.,  greater  distention  of  the  heart),  which  is 
necessary  to  call  the  "law  of  the  heart,"  into  operation  and  to  produce 
larger  strokes  during  muscular  work,  is  "only  temporary;"  and  he  has 
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therefore  to  invoke  increased  arterial  pressure  and  "a  more  abundant 
flow  of  blood  through  the  vessels  supplying  the  wall  of  the  heart"  to 
maintain  the  supposed  increased  extent  of  systolic  contraction  there- 
after. This  statement,  however,  to  a  large  extent  concedes  the  dissimi- 
larity of  behavior  of  the  heart  in  the  heart  lung  preparation  and  in  the 
living  bod}"-,  and  leaves  little  for  the  "law  of  the  heart"  to  do  in  normal 
life. 

PRINCIPAL  CONCLUSIONS 

Convincing  evidence  from  a  wide  range  of  sources  indicates  that 
Ln  vigorous  men  and  other  mammals  of  all  sizes  the  stroke  volume  of 
the  heart  is  a  nearly  constant  quantity  for  each  individual.  Both 
during  rest  and  work  it  is  of  the  order  of  magnitude  of  1.5  to  2  cc.  per 
kilo  body  weight.  Since  this  conclusion  is,  however,  particular^  as 
regards  the  stroke  volume  during  rest,  distinctly  opposed  to  the  opinion 
heretofore  held  (which  assumed  a  variation  of  stroke  volume  of  200 
to  400  per  cent,  or  more),  the  following  points  of  evidence  upon  which 
it  chieflj'  rests  deserve  emphasis: 

There  is  general  agreement  among  investigators  that  during  muscular 
work,  and  a  high  respiratory  metabolism,  stroke  volumes  of  this  order 
of  magnitude  are  attained. 

During  rest  the  average  oxygen  utilization  from  the  whole  blood 
stream  is,  however,  as  we  are  now  learning,  much  lower  than  was 
formerly  believed,  and  the  blood  stream,  or  circulation  rate,  is  corre- 
spondingly larger  than  had  been  inferred.  This  is  strongly  indicated 
by  the  newer  evidence  here  reviewed.  The  oxygen  utilization  amounts 
to  only  3  to  4  volumes  p)cr  cent,  or  to  a  coefficient  of  O.IC  to  0.2  instead 
of  0.3  or  more  as  generally  held  heretofore.  With  this  fact  established, 
there  appears  to  be  no  other  possil^lc  conclusion  except  that  the  stroke 
volume  during  rest  is  correspondingly  larger  tlian  has  been  heretofore 
generally  believed;  and  tlmt  it  is  of  es.scntially  tlic  same  volume  during 
rest  a.s  (hiring  work.  In  other  words,  tlie  stroke  volume  in  a  normal 
man  or  animal  is  practically  a  uniform  quantity  (within  20  or  30  per 
cent)  during  all  the  ordinary  activities  of  life.  The  circulation  rate  is 
therefore  nearly  projwrtional  to  the  pulse  ruU\ 

Reverting  to  views  supported  long  ago  by  llcring  and  by  Vierordt, 
but  more  recently  neglected,  it  is  hen;  shown  that  in  vigorous  animals 
of  variouH  Hizcs  the  pulw;  rate  and  the  cinuilation  rate  (ineasunMl  in 
cubic  ccntinict<?rH  \H*r  kilo  body  weight)  vary,  just  as  does  the  respira- 
tory inctaboliMm,  in  dinM-t  proportion  to  the  surface  :  mass  ratio;  for 
the  ox>'gcTi  ulilizntion  and  the  stroke  volume  per  kilo  are  nearly  the 
(Miinr  in  niamtnalM  of  all  Kizcs. 
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The  conditions  determining  the  venous  return,  the  so-called  veno- 
pressor  mechanism,  are  regulated  by  the  CO2  content  of  the  tissues  and 
venous  blood.  This  mechanism  and  the  regulation  of  the  heart  rate 
(the  latter  not  here  discussed)  are  the  factors  which  adjust  the  circula- 
tion rate  to  the  energy  expenditure  and  respiratory  metabolism  during 
the  various  activities  of  normal  life. 
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THE  FUNCTION  OF  THE  VESTIBULAR  APPARATUS 

F.  H.  PIKE 

Columbia  University 

The  vestibule,  as  distinguished  from  the  cochlear  or  auditory  portion 
of  the  internal  ear,  is  a  circumscribed  peripheral  receptor  present  in 
all  vertebrates  from  the  Ostracoderms  of  the  middle  Ordovician  period 
on  to  the  present.  It  includes  the  sacculus,  lagena,  utriculus,  otoliths 
and  semicircular  canals  with  their  ampullae.  Its  form  changes  some- 
what with  the  type  of  animal  chosen  for  study,  the  ampullar  and  canal 
portion  being  represented  in  the  Cyclostome  Myxine  or  Bdellostoma 
by  one  canal  with  two  ampullae,  and  by  two  canals  in  Petromyzon. 
In  the  Ichthyosaurs  and  Plesiosaurs,  fossil  reptiles  of  the  lower  Meso- 
zoic  (Triassic  and  later),  it  is  much  larger  than  in  any  extant  forai,  the 
dimensions  of  the  canals  being  in  centimeters  rather  than  in  millimeters 
or  their  fractions,  as  is  the  case  in  present  day  vertebrates.  The  general 
anatomy  of  the  vestibule  is  given  in  the  papers  of  Retzius  (1),  Ayers  (2), 
Bigelow  (3),  Stensio  (4)  and  others.  Shambaugh's  (5)  plates  give  the 
vascular  supply  of  the  vestibule  of  the  fetal  pig  in  detail. 

Herrick  (6)  has  given  four  criteria  of  a  receptor;  namely,  the  anatom- 
ical, the  physical,  the  physiological  and  the  psychological.  The 
case  for  the  vestibule  may  be  examined  briefly  with  reference  to  the 
application  of  these  four  criteria. 

Anatomically,  as  well  as  physiologically,  the  vestibule  belongs  to 
Sherrington's  group  of  proprioceptors.  It  is  protected  from  direct 
contact  with  any  ordinary  agencies,  or  from  direct  excitation  by  any 
ordinary  changes,  in  the  external  environment.  The  agencies  which 
constitute  its  biologically  adequate  and  normal  stimulus  must  ordinarily 
arise  within  the  body  itself.  The  general  structure  of  the  vestibule 
suggests  that  the  fluid  contained  within  its  various  cavities  and  the 
otoliths  in  its  saccule  and  utricle  may  act  upon  its  specific  nerve  endings 
through  the  medium  of  a  mechanical  pressure  generated  by  the  inertia 
of  the  fluid  or  otoliths  when  the  head  is  moved  in  any  of  the  various 
planes  of  space. 

Regarded  from  the  point  of  view  of  physics,  the  idea  that  mechanical 
pressure  may  be  the  biologically  adequate  stimulus  is  supported  not 
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only  by  theoretical  considerations  (7),  (8),  (9)  but  by  actual  experi- 
ment as  well. 

Phj-siologically,  excitation  of  the  vestibule  gives  rise  to  certain  ob- 
jective reactions  of  the  ej'es,  the  muscles  of  the  limbs  and  trunk,  and 
of  certain  \'iscera.  Not  all  of  these  reactions  are  peculiar  to  excitation 
of  the  vestibule,  but  some  combinations  of  reactions  can  be  found 
which  do  appear  to  be  peculiar  to  excitation  of  the  vestibule. 

Considered  psychologically,  the  view  recently  taken  by  psychologists 
is  that  there'  is  no  mental  quality  arising  from  excitation  of  the  vesti- 
bule that  is  discoverable  on  introspection.  The  general  mental  picture 
arising  from  any  of  the  various  experimental  methods  of  excitation 
of  the  vestibule  is  rather  to  be  considered  as  the  integration  of  the 
various  organic  results  of  vestibular  excitation  and  the  mental  conse- 
quences of  these  organic  results  than  as  something  due  to  the  vestibular 
endings  alone  (10). 

The  literature  on  the  vestibule  is  enormous,  probably  including  in 
all  its  phases  about  two  thousand  separate  papers.  A  complete  bibliog- 
raphy alone  would  require  more  space  than  can  be  devoted  to  the 
entire  paper.  The  most  complete  recent  biljliography  of  the  subject 
is  given  by  Griffith  (11).  Only  a  part  of  the  physiological  reactions 
arising  from  excitation  of  the  vestibule  can  be  considered  at  this  time, 
without  going  very  far  into  the  vexed  question  of  its  central  connections 
in  the  nervous  system. 

Although  the  early  work  on  the  vestibule  was  done  on  birds  and 
mammals  and  even  on  the  human  subject,  it  seems  best  to  depart 
from  the  traditional  historical  method  of  presentation  and  consider 
the  effects  of  vestibular  excitation  or  extirpation  with  reference  to  its 
comparative  relationships.  Although  no  true  phylogcny  of  function 
can  be  given  until  the  paleontologist  and  systematist  have  given  us  a 
more  complete  and  logicial  account  of  vortobrato  ane^Jtry  and  descent 
than  is  now  available,  there  is  still  a  sufficient  amo'tuit  of  difference  in 
the  reactions  to  vestibular  excitation  at  various  levels  in  the  animal 
phylum  to  make  such  a  method  of  presentation  worth  while. 

'llie  vestibule  has  been  generally  considered  to  be  related  to  the 
maintcnanct;  of  erjuilibrium.  It  is  evident,  however,  that  it  cannot 
be  the  main  receptive  organ  for  the  maintenance  of  eciuilihriuni  in 
invertebrates,  since  they  do  not  possess  it.  A  general  account  of  the 
mechaniKinM  in  invertebrates  has  been  given  by  Bethe  (12),  who  pouits 
out  that  BOnio  of  them  maintain  tlieir  normal  position  in  space  merely 
l^  their  structure,  that  is,  the  distribution  of  the  mass  of  the  body  with 
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reference  to  its  center  of  gravity.  Some  dead  organisms  will  float  in 
water  in  the  same  position  as  the  living  organisms,  and  their  position  will 
be  reversed  when  put  into  a  fluid  of  a  different  specific  gravity.  Other 
invertebrates  have  so-called  auditory  pits  containing  grains  of  sand  or 
other  solid  matter.  Kreidl  (13)  washed  the  sand  out  of  the  auditory 
pit  of  a  crustacean  and  replaced  it  with  iron  filings.  The  animal's 
movements  could  then  be  controlled  by  holding  a  magnet  near  it  in 
the  water.  A  considerable  number  of  invertebrates  have  well  developed 
otocysts,  removal  of  which  entails  severe  disturbances  in  locomotion. 
The  literature  is  given  by  Frohlich  (14),  Prentiss  (15)  and  others. 

Equilibrium  in  vertebrates.  Passing  over  the  long  and  unfilled  gap 
between  vertebrates  and  invertebrates,  and  even  over  the  lower  forms 
of  what  some  consider  vertebrates,  we  may  take  Amphioxus  as  the 
next  type. 

Amphioxus.  Willey  (16),  in  describing  this  form,  states  that  "Be- 
sides lacking  differentiated  lateral  fins,  Amphioxus  differs  fundamentally 
from  the  higher  Vertebrates  in  the  absence  of  a  cranium,  of  paired  eyes, 
and  paired  or  unpaired  auditory  organs"  (p.  17). 

"Amphioxus  exhibits  the  characteristic  vertebrate  bilateral  compres- 
sion of  the  body  in  a  very  typical  maimer.  It  is  obvious  that  such  a 
shape  of  body  is  highly  unfavorable  for  the  maintenance  of  the  equilib- 
rium except  with  the  assistance  of  some  special  mechanical  and  sen- 
sory apparatus.  Now  in  Amphioxus,  the  metapleural  folds,  whatever 
their  exact  function  may  be,  do  not  serve  in  any  way  as  balancing 
organs;  and,  as  mentioned  in  the  text,  Amphioxus  has  no  means  of 
maintaining  its  equilibrium  when  not  actually  swimming"  (p.  43-44). 

It  is  perhaps  because  of  the  difficulty  of  maintaining  a  body  of  such 
form  in  equilibrium  that  the  locomotion  of  Amphioxus  is  so  irregular, 
— "a  rapid,  curiously  irregular  wriggle" — periods  of  swimming  forward, 
sometimes  upon  the  back,  sometimes  upon  the  abdomen  in  the  position 
of  ordinary  fishes  (17)  being  interrupted  by  somersault  movements 
and  backward  swimming  (18)  until  the  animal  settles  dowTi  and  bur- 
rows tail  first  into  the  sand  (19). 

Cyclostomes.  Experimental  removal  of  the  vestibule  of  Cyclostomes 
has  been  done  successfully  but  once.  Ayers  (2)  removed  the  vestibule 
from  Bdellostoma  dombeyi  and  found  no  appreciable  disturbances  of 
locomotion.  Some  of  the  same  considerations  which  apply  to  Amphi- 
oxus apply  also  to  Cyclostomes.  Although  there  is  a  somewhat  rudi- 
mentary vestibule — whether  primitive  or  degenerative  does  not  make 
so  much  difference  from  our  present  point  of  view — the  locomotion  of 
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Cyclostomes  does  not  partake  of  the  character  of  the  strong  swimming 
fishes,  and  the  whole  motor  mechanism — nervous  and  muscular,  shows 
a  less  high  stage  of  development.  Like  Amphioxus,  Bdellostoma  has 
no  fins,  and  its  bodj^  is  more  like  the  cylindrical  Balanoglossus  than 
like  the  bilaterally  compressed  Amphioxus.  While  it  has  the  sense 
organs  for  the  perception  of  the  change  of  aspect  of  the  head  in  space, 
it  has  no  paired  effectors  or  fins  which  may  react  in  a  special  way  to 
excitation  of  the  vestibule.  As  Willey  points  out,  the  maintenance  of 
equilibrium  is  easier  when  the  body  is  cylindrical  than  when  it  is  bi- 
laterally compressed,  as  in  Amphioxus.  Bdellostoma  swims  with 
eel-like  movements  of  the  body,  and  when  at  rest  on  the  bottom,  curves 
some  part  of  the  bodj',  usually  the  tail,  to  one  side  or  the  other  to  keep 
it  from  rolling  over. 

Selachians.  The  relatively  large  size  of  the  vestibule,  and  the  fact 
that  the  soft  cartilage  in  which  it  is  embedded  makes  operative  approach 
easy,  have  been  among  the  reasons  why  the  Selachians  or  Elasmobranch 
fishes  have  been  favorite  subjects  of  experimentation.  The  methods 
of  experiment  have  varied  from  complete  removal  of  one  or  both  vesti- 
bules, section  of  the  eighth  cranial  nerve,  removal  of  the  canals  and 
ampullae  without  injury  to  the  utricle,  removal  of  the  utricle  without 
injury  to  the  ampullae,  exposure  and  mechanical  excitation  of  the 
otolith  of  the  utricle,  and  testing  the  reactions  of  the  fins  and  eyes  to  a 
change  in  position  of  the  head  when  the  vestibule  is  intact.  Most  of 
the  observations  have  been  made  upon  some  genus  of  the  dogfish  and 
upon  rays.  All  three  canals  and  the  utricle  and  the  saccule  are  well 
developed  in  Selachians,  and  we  have  for  the  first  time  in  the  vertebrate 
phylum,  a  fully  developed  vestibule  with  all  its  parts  as  it  exists  in 
higher  vertebrates.  Paired  fins  are  also  present  hi  Selachians,  and 
we  have  again  the  first  complete  mechanism  for  the  maintenance  of 
the  ecjuilibrium  of  a  bilaterally  compressed  vertebrate  body — sensory 
mcchanimii,  central  nervous  system  and  effectors  which  may  act  as 
balaTicing  organs.  The  maintenance  of  the  nonnal  posture  of  fish 
requires  houw,  iiiechanisni,  as  Manoyer  (20)  showed  that  fish  swim  in 
labile  rather  than  stable  (Kiuihbriinn. 

Huch  a  balancing  mechanism  a  receptor,  a  central  system  and  the 
effect<jr«— fulfills  (iolt/Zs  (21)  conditions,  and,  although  found  for  the 
first  time  in  living  vertebrati^s  in  the  Scflachians,  exists  in  a  modified 
but  phyHiulogically  ade(|uate  fonn  in  such  free-swinuning  invcrtebnit(>s 
an  the  cntyfiHh  and  the  lobster.  But  it  is  W(>11  to  state  here  that  the 
vestibule  doc«  not  constitute  the  only  receptor  which  is  concerned  with 
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the  maintenance  of  the  normal  position  of  any  vertebrate  in  space. 
Other  proprioceptors  and  the  exteroceptors  must  be  taken  into  account, 
and  the  maintenance  of  equihbrium  is  an  act  requiring  a  high  degree 
of  correlation  of  response  (22)  and  a  highly  developed  mechanism  of 
integration  in  the  central  nervous  system.  It  is  only  by  keeping 
these  things  in  mind  that  we  may  guard  against  either  of  two  errors — 
attributing  too  great  an  importance  to  the  vestibular  mechanism, 
or  denying  its  efficacy  altogether. 

The  reactions  of  the  eyes  and  fins  of  the  dogfish  with  intact  vestibule 
when  rotated  about  any  one  of  the  three  axes  of  the  body —  longitudinal 
transverse  or  dorsoventral — are  too  well  known  from  the  work  of 
Lee  (23),  Maxwell  (24),  Lyon  (25)  and  others  to  require  more  than  a 
brief  mention.  It  has  been  found  that  stimulation  of  the  ampulla  of 
one  anterior  canal  causes  the  eyeball  of  the  same  side  to  roll  upward 
and  the  other  downwards,  but  the  direction  of  rotation  of  the  eyes 
about  the  anteroposterior  axis  is  reversed.  When  the  anterior  canal 
is  stimulated,  the  anterior  pole  of  the  eye  of  the  same  side  rises  more 
than  the  posterior;  when  the  posterior  canal  is  stimulated,  the  posterior 
pole  of  the  same  side  rises  more  than  the  anterior.  The  direction  of 
rotation  of  the  opposite  eye  is  always  the  reverse.  Stimulation  of  the 
ampulla  of  the  horizontal  canal  causes  the  eye  of  the  same  side  to  roll 
straight  forward,  and  the  other  eye  straight  backward.  Maxwell 
differs  slightly  from  this  account.  According  to  him,  the  eyes  of  both 
sides  rotate  forward  on  their  visual  axes  when  the  ampulla  of  a  posterior 
canal  is  stimulated,  and  backward  when  the  ampulla  of  an  anterior  canal 
is  stimulated.  According  to  Lee,  the  direction  of  rotation  of  .the  two 
eyes  about  their  visual  axes  is  opposite;  according  to  Maxwell,  it  is 
the  same  when  the  ampulla  of  the  anterior  canal,  for  example,  is 
stimulated. 

Lee  particularly,  and  possibly  Maxwell,  assumed  that,  in  rotating 
a  dogfish  about  any  of  the  axes  of  the  body,  the  ampullae  and  not  the 
otoliths  were  stimulated.  Breuer  (26)  had  assumed  that  the  canals 
and  ampullae  were  concerned  with  the  perception  of  movement  in 
curved  lines,  i.e.,  angular  acceleration,  and  that  the  otoliths  were  con- 
cerned in  the  perception  of  movement  in  straight  lines,  i.e.,  linear 
acceleration.  This  view  was  widely  accepted,  although  no  direct 
proof  of  its  correctness  had  ever  been  given.  In  a  later  paper,  Maxwell 
(27)  described  the  reactions  of  a  dogfish  to  rotation  when  the  ampullae 
of  all  six  canals  had  been  removed  without  injury  to  the  utricle.     All 
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the  compensatory  movements  of  the  eyes  persisted  after  such  removal 
of  the  ampullae,  except  those  following  rotation  of  the  animal  about  its 
dorsoventral  axis,  i.e.,  in  the  plane  of  the  horizontal  canals.  It  seems 
clear,  from  Maxwell's  results,  that  the  otoliths  are  concerned,  along  with 
the  ampullae,  in  the  perception  of  angular  acceleration. 

The  converse  of  this  state  of  affairs, — reaction  of  the  ampullae 
after  complete  removal  of  the  utricular  otoliths — was  also  tested  out. 
When  the  utricular  otolith  is  removed  without  injury  to  the  ampullae, 
all  the  compensatory  movements  of  the  eyes  in  response  to  rotation  of 
the  animal  about  any  one  of  the  axes  of  the  body  persist. 

After  removal  of  the  ampullae,  with  conservation  of  the  otoliths, 
the  compensatorj'^  movements  of  the  eyes,  although  prompt,  are  notice- 
ably slower  than  when  the  vestibule  is  intact.  If  seized  while  in  the 
water,  the  animal  strongly  resists  the  attempt  to  turn  it  back  down- 
ward; but  one  feels  that  this  resistance  is  neither  as  prompt  nor  as 
strong  as  in  the  intact  animal  (27).  In  swimming  there  is  a  tendency 
to  sway  from  side  to  side  about  the  longitudinal  axis  like  a  boat  in- 
sufficiently ballasted.  When  the  otoliths  alone  are  removed,  with 
conservation  of  the  ampullae,  the  compensatory  movements  are  slightly 
slower  than  in  the  intact  animal.  Swimming  is  apt  to  be  accompanied 
by  a  slight  rocking  movement  from  side  to  side;  and  if  turned  back 
downward  in  the  water,  the  animal  rights  itself  promptly,  but  may 
turn  almost  or  completely  over  before  coming  to  rest  in  the  normal 
upright  position. 

The  otolith  of  the  utricle  is  more  easily  accessible  in  the  shovel- 
nosed  ray  (Rhinobatus)  than  in  the  dogfish.  It  may  be  exposed  and 
stimulated  mechanically  in  situ,  after  removal  of  all  the  ampullae. 
Maxwell  (28)  found  that  "pressui-e  on  the  right  side  of  the  otolith  of 
either  ear  produces  the  same  eye  movement  which  results  from  rotation 
of  the  body  to  the  left  about  its  longitudinal  axis,"  i.e.,  the  right  eye  is 
depressed  and  the  left  rolled  upward,  "and  tiiat  pressure  on  the  anterior 
side  of  the  otolith  produces  the  same  movement  of  the  eyes  which  re- 
sults from  tilting  the  head  upward," — the  eyes  are  rotated  forward 
about  their  viHual  axes.  It  is  the  displacement  of  the  otolith  and  not 
the  weight  due  to  the  otolith  which  is  the  actual  stimulus,  and  it  is  the 
direction  of  the  displacement  which  determines  the  direction  of  the 
compensatory  movement. 

Maxwell's  conclusions  are  that  the  assumption  of  a  sharp  difTcrontia- 
tion  of  function  hetwcjen  the  otolith-boaring  portions  of  the  otic  laby- 
rinth and  t\ut  winicircular  canal  portion  is  not  ju.sliliod  by  the  factHt 
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The  two  parts  of  the  labyrinth  reinforce  each  other,  for  the  reactions 
produced  by  either  one  alone  are  slower  and  less  vigorous  than  when 
both  sets  of  organs  are  intact.  The  two  parts  may  not  have  identical 
functions,  however,  since  response  to  rotation  in  a  horizontal  plane  is 
completely  lost  after  removal  of  the  ampullae  alone. 

Removal  of  all  ampullae  and  the  otoliths  of  both  utricles  has  the 
same  effect  as  complete  destruction  of  the  vestibules  or  section  of  the 
eighth  cranial  nerves. 

Some  investigators  have  reported  negative  results  from  complete 
bilateral  or  unilateral  destruction  of  the  vestibule,  but  more  recent 
work  tends  to  show  that  there  is  a  definite  train  of  symptoms  following 
such  a  lesion.  All  compensatory  movements  of  the  eyes  and  fins  to 
rotation  of  the  animal  about  any  axis  of  its  body  are  completely  and 
peraianently  lost  after  bilateral  lesions.  The  animal  swims  indiffer- 
ently in  the  back  upward  or  belly  upward  position.  A  weak  animal 
comes  to  rest  on  the  bottom  of  the  tank  on  its  side  or  back,  but  a  vigor- 
ous animal  will  right  itself  on  reaching  the  bottom,  the  reaction  being 
due,  in  Maxwell's  opinion,  to  the  sense  of  touch.  As  he  expresses  it, 
the  geotropic  responses  of  the  animal  are  lost,  but  the  stereotropic 
responses  are  retained.  Some  degree  of  recovery  may  occur,  but  there 
is  always  some  disturbance  when  the  fish  is  made  to  swim  rapidly,  as 
a  rule. 

The  effects  of  unilateral  lesion  are  less  severe.  The  eye  of  the  in- 
jured side  turns  do\vnward  and  the  eye  of  the  sound  side  turns  upward 
20°  to  40°.  The  body  is  curved  markedly  to  the  injured  side.  In 
swimming,  the  fish  may  roll  to  the  injured  side.  Normal  swimming 
seems  possible,  but  disturbances  of  locomotion,  particularly  when  the 
eyes  are  closed,  are  very  apt  to  appear.  The  displacement  of  the  eyes 
is  permanent  as  long  as  the  animal  lives — two  weeks  in  some  cases. 
Compensatory  movements  of  the  fins  and  eyes  are  still  elicitable  on 
rotation  in  any  one  of  the  three  planes  of  space,  although  often  weakened 
and  difficult  to  observe. 

Considerable  discussion  has  arisen  as  to  whether  the  effects  of  ves- 
tibular lesions  are  due  solely  to  the  loss  of  a  peripheral  receptor  or  due 
largely  to  the  irritative  effects  of  the  injury.  Gaglio  (29),  Konig  (30) 
and  Breuer  (31),  the  last  using  pigeons,  have  applied  cocaine  to  the 
vestibule.  Gaglio  observed,  in  the  Mediterranean  dogfish,  the  same 
results  after  the  application  of  cocaine  as  after  anatomical  removal  of 
the  vestibule.  This  strongly  indicates  that  irritative  processes  play 
but  little  part  in  the  effect  of  vestibular  lesions  in  this  form.    Again, 
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one  would  expect  about  as  much  irritation  from  destruction  of  the 
ampullae  together  with  their  specialized  nerve  endings  as  from  com- 
plete destruction  of  the  vestibule.  Yet  Maxwell  found  that  the  re- 
actions of  the  animal,  after  removal  of  the  ampullae  alone,  differed  from 
those  of  the  normal  animal  only  slightly.  Whatever  effects  of  irritation 
may  have  been  manifested  elsewhere,  there  were  extremely  few  which 
were  apparent  in  those  reactions  which  we  have  come  to  look  upon  as 
characteristic  of  vestibular  excitation.  It  is  my  opinion  that  the 
effects  of  irritation  in  connection  with  vestibular  lesions  have  been 
greatly  over-emphasized.  One  might  make  the  same  statement  with 
reference  to  many  other  lesions  of  receptors  or  parts  of  the  central 
nervous  system. 

One  other  permanent  effect  of  bilateral  vestibular  lesions  was  brought 
out  by  Gaglio,  and  that  is  the  loss  of  muscular  strength  following  this 
destruction.  Parker  (32)  also  remarks  that  the  muscle  tonus  of  the 
animal  is  noticeably  reduced  after  bilateral  lesions.  This  can  scarcely 
be  due  to  any  effect  on  the  muscles  themselves,  but  rather  to  the  loss 
of  afferent  impulses  normally  concemed  in  the  maintenance  of  tonus 
or  the  utilization  of  muscular  strength. 

Both  Parker  and  Maxwell  agree  that  the  saccular  otolith  has  little 
or  nothing  to  do  with  vestibular  function  proper.  Parker  regards  it 
as  a  part  of  the  mechanism  of  hearing  in  fish. 

Although  Mach  showed  the  physical  improbability,  even  impossi- 
bility of  actual  currents  of  fluid  in  the  semicircular  canals,  the  hypoth- 
esis of  stimulation  of  the  am])ullar  nerve  endings  by  currents  sot  up 
in  the  canals  has  been  very  popular  among  otologists.  ^laxwell  freed 
the  horizontal  canal  for  nearly  its  whole  length,  ligated  it  near  its 
posterior  end  and,  after  cutting  it,  raised  it  so  that  its  plane  was  vertical. 
Rotation  of  the  animal  in  a  horizontal  plane,  about  the  axis  of  the 
canal  in  its  new  position,  was  attended  by  the  usual  reaction  to  rota- 
tion. No  possible  currents  could  have  been  set  up  in  the  canal  under 
thcflc  conditions,  and  it  is  difficult  to  see  how  any  ])ressure  could  orig- 
inate in  the  canal  to  be  connnunirated  to  the  ampulla.  In  the  state- 
ment of  the  mechanism  of  (excitation  of  the  ampullar  endings,  Mach, 
Breuer  and  ('rum  Brown  supposed  that  pressure  arising  from  the  lag 
of  the  fluid  in  the  canals  during  rotation  was  transmittcMl  to  the  am- 
putlue.  Implicitly,  it  was  a.ssuiiu>d  tiiat  the  pressure  arising  in  the 
utricle  from  the  inortiu  of  its  contained  fluid  would  either  not  be  trans- 
mitted to  the  ampullae  or,  if  .so  transmitted,  would  not  be  effective  in 
Nlimulating  tlif   rMrxc  «Midings.     When  one  considers   the  mechanics 
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of  the  vestibule,  there  is  no  anatomical  or  physical  reason  discoverable 
for  such  an  assumption.  And,  in  view  of  Maxwell's  results,  there  seems 
good  reason  for  believing  that  the  normal  mechanism  of  excitation  of 
the  ampullar  endings  is  the  transmission  of  pressure  from  the  utricle 
to  the  ampullae.  In  any  event,  it  would  seem  time  to  give  up,  once 
for  all,  the  idea  of  fluid  currents  in  the  canals  under  any  ordinary  con- 
ditions. On  the  other  hand,  we  have  Breuer's  (31)  statement  that  when 
rotation  is  sufficiently  rapid  or  violent  to  set  up  actual  currents  in  the 
vestibule,  the  ampullar  endings  would  be  injured,  and  the  cristae  acusti- 
cae  swept  from  their  places. 

The  evidence  now  available  would  seem  to  indicate  that  both  am- 
pullae and  otoliths  are  capable  of  responding  to  angular  and  linear 
acceleration,  and  that  the  two  mechanisms  work  together  in  this  func- 
tion. The  otoliths,  because  of  their  greater  specific  gravity  (Maxwell), 
would  have  a  greater  inertia  than  an  equal  volume  of  fluid,  and  there 
is  no  reason  to  suspect  that  their  displacement  might  not  occur  in  either 
angular  or  linear  acceleration.  There  is  no  Reason  to  suspect  that  the 
fluid  in  the  utricle  would  not  lag  in  either  angular  or  linear  accelera- 
tion, and  thus  give  rise  to  pressure  somewhere.  It  seems  extremely 
probable  that  the  transmission  of  this  pressure  to  the  ampullar  end- 
ings constitutes  their  normal  and  biologically  adequate  mechanism  of 
excitation. 

Teleosts.  Experimental  work  on  the  internal  ear  of  teleost  fishes 
has  not  been  as  extensive  or  carried  out  in  as  much  detail  as  in  Selach- 
ians, but  the  results  at  hand,  so  far  as  they  go,  are  in  keeping  with  the 
results  obtained  from  the  study  of  cartilaginous  fishes. 

Bigelow  (3)  showed  by  dissection  that  the  ear  of  the  gold  fish,  Caras- 
sius  auratus  L.,  is  essentially  like  that  of  Cyprinus,  as  described  by 
Rctzius.  There  are  certain  anatomical  differences  in  the  ear  of  Caras- 
sius  as  compared  with  the  ear  of  a  shark,  one  of  which  is  the  presence 
of  two  otoliths  in  the  combined  lagena  and  saccule  of  Carrasius.  The 
wall  of  this  sac,  as  Bigelow  showed,  is  supplied  by  branches  of  the 
eighth  cranial  nerve.  Many  of  the  experiments  on  teleosts  were  done 
in  the  course  of  experiments  on  hearing,  and  the  disturbances  of  equi- 
librium were  described  only  incidentally. 

TuUberg  (33)  considered  that  the  ears  of  the  bony  fishes  were  not 
organs  concerned  in  the  maintenance  of  equilibrium,  and  that  they 
had  little  to  do  with  hearing.  Their  main  function,  in  his  opinion,  is 
the  perception  of  slight  movements  in  the  water,  and  particularly  those 
arising  from  currents  in  the  water.     He  bases  his  arguments  on  the 
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fact  that  bony  fishes  may,  in  time,  recover  ahnost  completely  from 
lesions  of  the  internal  ear.  The  immediate  effects  are  therefore  due 
to  shock,  and  not  to  the  loss  of  a  particular  receptor. 

Parker  (34)  found  that  Fundulus  heteroclitus,  after  section  of  both 
eighth  nerves,  lost  the  power  of  maintaining  equilibrium  when  swimming 
rapidly,  and  swam  in  any  position  in  spirals  or  even  in  circles.  In  his 
discussion  of  Tullberg's  view,  Parker  (p.  201)  admits  that  Fundulus 
may  recover  fairly  well  in  a  few  daj's  after  the  operation,  so  long  as  it 
swims  slowly.  But  it  invariably  loses  this  power  of  maintaining 
equilibrium  if  made  to  swim  rapidly  in  a  large  amount  of  water.  The 
greatest  length  of  life  of  any  animal  after  operation  was  six  weeks, 
but  the  effects  were  clearly  observable  throughout  this  period.  Parker 
attributed  the  partial  recovery  of  the  animal  and  its  facility  in  swim- 
ming slowly  to  increased  use  of  the  eyes.  He  admits  that  this  is  an 
assumption  on  his  part,  but  there  is  much  evidence  drawn  from  the 
study  of  reactions  m  invertebrates  to  support  such  a  view.  Until  this 
assumption  is  definitely  shown  to  be  untenable  for  bony  fishes,  Parker 
considers  that  Tullberg's  conclusion  is  premature. 

My  own  view  is  in  accord  with  Parker's.  The  same  arguments  ad- 
duced against  peripheral  irritation  and  shock  in  the  case  of  vestibular 
lesions  in  the  cartilaginous  fishes  apply  with  equal  force  in  the  case 
of  the  bony  fishes.  It  may  be  shown  that  the  loss  of  any  one  sense 
does  not  entail  any  very  severe  permanent  disturbances  of  locomotion 
in  higher  animals.  One  might  conclude,  therefore,  that  no  one  of  these 
sensory  mechanisms  had  much  to  do  with  locomotion.  The  argument 
should  be  carried  a  little  further,  however.  If  no  one  sensory  mecha- 
nism has  much  to  do  with  locomotion,  it  should  be  possible  to  eliminate 
all  of  them  and  still  retain  relatively  unimpaired  powers  of  locomotion. 
For  if  the  whole  is  equal  to  the  sum  of  all  its  parts,  the  whole  effect 
should  be  relatively  slight.  Common  experience  i)oints  very  strongly 
to  the  conclusion  that  the  total  effect  is  not  relatively  slight.  Since 
Euclid's  argument  has  now  l>ccn  subjected  to  criticism  and  analysis 
for  some  centuries  without  suffering  serious  damage,  I  am  inclined  to 
fuspect  that  the  fault  may  lie  in  some  of  our  common  assunii)tions  con- 
cerning the  functions  of  various  sense  organs  rather  than  with  lOudid's 
reasoning.  Hie  prcHumt)tion  is  strong  that  some  of  the  quantities 
eonoemed  in  physiological  reasoning,  e.g.,  the  effects  of  removal  of 
various  sense  organsi  are  really  variables  instead  of  constants,  as 
Tullberg's  line  of  reasoning  assumes.  The  reason  for  this  variation 
lies  less  in  some  undefined  shook  effect  than  in  the  compensation  fur 
the  loss  of  one  sensory  mechausm  by  another. 
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Bigelow's  observations  on  Carassius  are  in  agreement  with  Parker's. 
The  facihty  of  maintenance  of  equiUbrium  when  swimming  slowly  after 
loss  of  both  internal  ears  was  lost  when  the  fish  was  made  to  swim 
rapidly  in  a  large  body  of  water.     The  effects  are  permanent. 

Parker  (35)  found  that  the  catfish  Amiurus  suffered  loss  of  muscular 
tonus  and  the  loss  of  the  power  of  maintaining  equilibrium  after  section 
of  both  eighth  cranial  nerves.  Most  of  the  time  of  such  fishes  is  spent 
in  lying  on  the  bottom  of  the  tank,  often  with  the  ventral  side  up. 
When  they  swim  it  is  usually  in  a  slow  rolling  way,  and  when  driven  to 
rapid  motion,  they  swim  in  grotesque  spirals. 

Bethe  (12)  had  previously  found  much  the  same  effects  in  Perca 
fluvialis  and  Scardinius  erj^throphthalmus  after  vestibular  lesions. 
After  a  unilateral  lesion,  Perca  shows  a  respiratory  effect  on  the  injured 
side.  There  is  no  Idss  of  sj^nchronism  of  the  two  sides  in  respiration, 
but  the  gill  covers  on  the  injured  side  are  not  raised  as  high  as  those 
on  the  uninjured  side. 

Ewald  (36)  confirmed  on  the  eel,  Anguilla  vulgaris,  the  loss  of  strength 
noted  by  Gaglio  in  the  dogfish.  There  were  also  severe  disturbances 
of  equilibrium. 

Batrachians.  Anatomical  conditions  in  the  batrachian  ear  pre- 
clude such  exact  and  detailed  study  of  individual  parts  of  the  vestibule 
as  is  possible  in  the  sharks,  but,  on  the  other  hand,  the  development  of 
limbs  makes  possible  the  observation  of  the  effects  of  vestibular  lesions 
upon  animals  which  have  reached  the  second  stage  in  the  development 
of  the  vertebrate  locomotor  apparatus.  There  is  also  a  further  develop- 
ment of  the  central  nervous  system.  By  means  of  the  limbs,  these 
forms  maintain  a  fixed  position  when  at  rest  on  the  surface  of  some 
solid  object,  and  hence  are  the  first  vertebrates  which  may  be  rotated 
on  the  turning  table  in  such  a  way  as  to  show  the  effect  of  vestibular 
excitation  upon  the  resting  position.  The  batrachians  include  also 
forms  which,  although  they  retain  their  gills  throughout  life  and  live  in 
the  water,  effect  their  locomotion  by  means  of  limbs;  other  forms  which 
retain  their  gills  during  the  early  part  of  life  only  and  then  emerge  from 
the  water  upon  the  land,  and  still  other  forms  which  become  so  speci- 
alized that,  after  undergoing  metamorphsis,  their  mode  of  progression 
upon  the  land  is  by  hopping  or  jumping  rather  than  by  walking  or 
crawling. 

Stewart  (37)  used  a  perennibranchiate  form  Necturus  (Menobran- 
chus)  for  experiment.  He  found  that  destruction  of  the  internal  ear 
on  one  side  was  followed  by  rapid  movements  of  rotation  of  the  body. 
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always  to  the  injured  side,  about  its  longitudinal  axis.  The  movements 
are  apparently  involuntary  and  without  fatigue.  If  for  any  reason 
these  movements  cease,  they  can  be  started  again  by  excitation  of  the 
animal. 

Ewald  (38)  found  that  in  Salamandra  maculosa,  there  are  only  slight 
motor  s>Tnptoms  as  a  result  of  vestibular  lesions.  After  a  unilateral 
lesion  the  legs  of  the  opposite  (uninjured)  side  are  raised  abnormally 
high,  while  those  of  the  same  side  may  be  dragged  along  the  ground. 

Laudenbach  (39)  removed  the  entire  vestibule,  unilaterally  and 
bilaterally,  and  the  otoliths  alone  in  Siredon  pisciformis.  After  uni- 
lateral lesions  of  the  whole  vestibule,  the  animal  rotates  rapidly  about 
its  longitudinal  axis  when  swimming,  turning  always  toward  the  in- 
jured side.  At  first  it  can  not  go  forward  at  all  without  undergoing 
this  rotation.  The  disturbances  are  more  marked  in  young  animals 
than  in  old.  Adults  recover  sufficiently  in  three  or  four  days  to  swim 
slowly  without  turning  over,  but  not  to  swim  rapidly. 

Whether  bilateral  operation  was  done  on  the  same  day,  or  whether 
the  second  labyrinth  was  removed  after  an  hiterval,  severe  and  per- 
manent disturbances  of  orientation  followed,  when  the  animal  was  in 
the  water.  The  animal  maintained  its  position  on  the  ground  or  at 
the  bottom  of  the  tank  well.  It  could  not  maintain  its  normal  posi- 
tion at  the  surface  of  the  water,  but  floated  belly  upward  with  the 
nose  under  water.  Any  recovery  that  may  have  occurred  after  removal 
of  one  vestibule  was  lost  after  subsequent  lesion  of  the  second,  so  far 
as  deportment  in  the  water  was  concerned,  and  little  recovery  was 
seen  even  after  fifteen  months.  The  difficulty  in  swimming  was  so 
great  that  the  animal  coukl  not  got  to  the  surface  for  air,  and  the  gills 
again  began  to  grow  if  the  animal  was  kept  permanently  in  the 
aquarium. 

No  noticeable  disturbances  of  movement  or  e(Hiilibriuni  follow 
unilateral  or  bilateral  reiiiovnl  of  the  otolilhs  without  injury  to  the 
ampullae. 

The  eflfert  of  uiiilatcral  and  bilateral  lesions  of  th(>  whole  vestibule 
in  the  frog  is  so  well  known  from  the  work  of  Sehiader  (40),  I'^wald  and 
others  as  to  require  no  special  comment  here.  There  is  torsion  of  the 
head  and  body  to  the  injured  side  after  unilateral  oixMiition,  swinuning 
in  a  circle  to  th(!  injun-d  .side  and  turning  to  this  side  in  jumping.  The 
fore  limb  of  the  sound  side  is  strongly  extended  as  if  the  animal  were 
bracing  itself  by  it,  while  the  fore  limb  of  the  injured  side  is  strongly 
flexed. 
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Henri  (41)  found  that  torsion  of  the  head  partially  or  almost  com- 
pletely disappears  after  an  interval  of  six  weeks  or  so.  If  decerebration 
is  done  at  this  time,  the  original  symptoms  reappear  in  all  their  original 
intensity,  and  no  further  amelioration  of  the  conditions  is  observed  so 
long  as  the  animals  live.  If  decerebration  is  done  first  and  the  vestib- 
ular operation  afterward,  there  is  no  improvement  in  the  condition  of 
the  animal  as  long  as  it  lives. 

Streeter's  (42)  observations  on  the  effect  of  unilateral  or  bilateral 
removal  of  the  auditory  pit  and  acoustic  ganglion  in  the  tadpole 
are  of  considerable  interest  in  relation  to  the  ontogeny  of  vestibular 
function.  The  fact  that  it  is  possible  to  produce  at  will  practically 
a  congenital  absence  of  the  auditory  vesicle  serves  as  a  control  for 
the  experiments  on  adult  animals,  and  has  a  direct  advantage  in 
the  permanence,  completeness  and  lack  of  injury  to  contiguous  struc- 
tures over  operations  on  adult  forms.  And  since  it  may  be  presumed 
that  the  various  organs  possess  their  greatest  degree  of  adaptability 
during  the  formative  period,  such  embiyonic  interference  affords  a 
most  complete  test  of  the  power  of  functional  adaptation  for  loss  of  a 
specialized  receptor. 

The  larval  frog  passes  through  three  stages  in  acquiring  the  facility 
to  swim,  which  Streeter  names  as  follows;  1,  The  stage  of  non-motility 
— the  first  three  days;  2,  the  stage  of  spinal  reflexes — fourth  to  sixth 
days;  3,  the  stage  of  maintenance  of  equilibrium,  sixth  day  to  maturity. 
At  the  close  of  the  first  or  non-motile  stage,  the  structure  which  is  to 
form  the  future  auditory  vesicle  is  visible  and  may  be  dissected  out. 
The  auditory  vesicle  never  regenerates  after  its  complete  destruction, 
including  the  acoustic  ganglion. 

The  larva  makes  no  effort  to  swim  in  the  first  twenty-four  hours, 
and  it  is  only  on  the  fourth  day  after  the  operation  (about  the  sixth  of 
larval  life)  that  any  significant  difference  in  behavior  is  noticeable  as 
a  result  of  the  lesion.  At  this  time,  when  they,  as  well  as  the  normals, 
are  stirred  up  from  their  resting  position  on  the  bottom  or  against  the 
sides  of  the  dish,  the  operated  individuals  swim  in  spirals  or  circles. 
There  is  a  tendency  to  swim  with  the  injured  side  under,  and  the 
rolling  movements  which  occur  about  the  longitudinal  axis  are  always 
directed  toward  the  operated  side.  On  reaching  the  bottom,  they  are 
able  to  direct  their  courses  as  the  normals  do.  The  characteristic 
disturbances  in  swimming  become  more  marked  in  the  next  two  days, 
but  on  the  seventh  day  after  operation  many  of  the  operated  larvae 
may  swim  in  a  fairly  direct  course.     On  exciting  them,  the  rolling 


222  F.    H.    PIKE 

movements  reappear.  There  is  improvement  from  this  time  on,  but 
the  lar\'ae  alwaj-s  incline  more  or  less  to  the  injured  side,  and  momen- 
tary loss  of  equilibrium  is  noticeable  whenever  they  become  excited. 

Aletamorphosis  occurred  at  the  end  of  the  third  month.  No  differ- 
ence in  attitude,  whether  at  rest  or  in  motion,  could  be  made  out  in  the 
operated  as  compared  with  the  normal  individuals  after  metamorphosis. 
Streeter  thinks  that  the  disappearance  of  the  sjTiiptoms  does  not  indi- 
cate any  cure  of  the  condition  set  up  by  the  lesion,  but  that  a  slight 
defect  is  more  difficult  to  recognize  in  the  frog  than  in  the  tadpole. 
As  a  corollarj',  he  points  out  that  the  maintenance  of  equilibrium  in  the 
tail-swimming  tadpole  is  dependent  upon  a  more  delicately  balanced 
mechanism  than  in  the  leg-swimming  frog.  It  might  be  pointed  out, 
also,  that  a  more  perfect  set  of  peripheral  effectors  for  the  maintenance 
of  equilibrium  is  present  in  the  frog. 

After  bilateral  operation,  there  was  practically  no  difference  to  be 
made  out  in  the  appearance  of  the  operated  and  the  control  larvae 
for  the  first  three  days.  On  the  fourth  day  after  the  operation,  they 
are  decidedly  less  active  than  the  controls,  or  than  larvae  with  one 
auditory  vesicle  only  removed.  They  make  no  swimming  movements, 
but  wriggle  along  on  the  bottom  of  the  dish.  Seven  days  after  opera- 
tion, they  are  smaller  than  one-sided  or  control  specimens.  They  are 
symmetrical  in  form,  but  are  less  active  and  make  only  unsuccessful 
attempts  at  swimming.  Twelve  days  after  operation,  any  attempts 
at  swimming  resulted  in  a  series  of  somersaults,  after  which  they  sank 
to  the  bottom  in  almost  any  position.  There  is  great  difficulty  in 
feeding,  and  wriggling  movements  along  the  bottom  are  not  as  well 
executed  as  on  the  fourth  and  fifth  days  after  operation.  The  larvae 
could  not  be  carried  much  beyond  two  months  of  life,  as  they  seemed 
unable  to  get  food,  and  to  go  to  the  surface  for  air  as  nqnnal  larvae  do. 
They  were  only  about  one  third  as  large  as  the  controls  at  this  time, 
and  had  no  more  ability  to  swim  than  they  had  a  few  days  after  the 
operation. 

One  may  remark  that  the  severity  of  the  effects  of  a  bilateral  lesion 
is  much  more  than  twice  that  of  the  effects  of  a  unilateral  lesion.  This 
great  difference  in  severity  of  effects  seems  difficult  to  account  for  on 
any  other  basis  than  the  compensation  for  tiie  loss  of  only  one  auditory 
vesicle  by  the  other.  And  the  larval  form,  while  it  compensates  quite 
M  perfectly  aa  the  adult  for  the  loss  of  but  one  ear,  is  much  less  able 
to  oompeniate  for  the  loss  of  both  than  is  the  adult. 
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Laudenbach  found  no  noticeable  defects  after  removal  of  the  otoliths 
only,  with  conservation  of  the  ampullae,  in  the  frog.  Ach  (43),  how- 
ever, reexamined  the  question.  He  calls  attention  to  Breuer's  (26) 
analysis  of  the  spatial  relationships  of  the  otoliths  in  the  ear  of  the  frog, 
and  the  general  parallelism  of  each  of  them  to  the  plane  of  some  one 
canal.  He  confirmed  Laudenbach's  observations  so  far  as  any  effects 
upon  the  attitude  of  the  body  or  the  usual  movements  of  progression 
were  concerned.  Ach  brought  out,  however,  three  effects  of  the  bi- 
lateral removal  of  the  otoliths.  There  are  three  reflexes, — the  "Stirn" 
reflex,  in  which  the  frog  assumes  a  position  so  that  its  body  is  concave 
toward  the  ground,  supported  only  upon  the  tip  of  its  nose  and  its 
hind  feet;  the  shrieking  reflex,  which  differs  from  the  ordinary  croak 
reflex;  and  the  lid  reflex  of  the  eye.  The  first  two  are  difficult  or  im- 
possible of  elicitation  in  normal  frogs,  while  the  lid  reflex  is  usually 
present.  After  bilateral  operation  the  first  two,  the  "Stim"  reflex  and 
the' shrieking  reflex,  were  much  more  easily  elicited  than  before,  while 
the  lid  reflex  failed  in  progressive  linear  movements. 

After  unilateral  lesions  of  the  otoliths,  the  lid  reflex  is  still  elicitable 
at  times.  When  the  frog  is  moved  up  or  down  in  a  vertical  direction, 
and  particularly  when  it  is  moved  do^\Tiward,  the  lid  reflex  appears  in 
the  eye  of  the  injured  side.  In  linear  movement  from  side  to  side,  or 
backward  and  forward  in  the  same  plane,  both  eyes,  or  one  only, 
may  close,  whether  the  otoliths  are  intact,  or  absent  on  one  side.  Ach 
never  observed  closure  of  the  eye  on  the  sound  side  only  after  unilateral 
operation.  If  only  one  eye  closes  when  the  otoliths  of  one  side  are 
absent,  it  is  the  eye  opposite  to  that  of  the  sound  labyrinth.  The 
relationship  appears  to  be  a  crossed  relationship.  After  bilateral  re- 
moval of  the  otoliths,  the  lid  reflex  persists  practically  undiminished, 
a,  when  the  frog  is  rotated  in  a  horizontal  plane  about  its  dorsoventral 
axis;  b  upward  or  downward  about  a  transverse  axis;  or  c,  from  side  to 
side  about  its  longitudinal  axis.  Under  conditions  of  rotation,  the  lid 
reflex  must  be  due  to  excitation  of  the  ampullae.  He  considers  the 
failure  of  the  lid  reflex  in  progressive  linear  movements  after  bilateral 
removal  of  the  otoliths  as  the  most  characteristic  effect.  He  attempts 
to  show  that  Breuer's  idea  of  the  perception  of  linear  acceleration  by 
the  otoliths  only  is  correct. 

Graham  Brown  (44)  investigated  the  effects  of  physiological  excita- 
tion of  the  vestibule  upon  the  respiratory  movements  of  the  frog. 
The  effects  of  vestibular  excitation  are  not  peculiar,  but  are  very 
similar  to  the  effects  arising  from  pinching  the  toes  of  one  foot,  and 
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apparently  may  all  be  comprised  in  the  usual  cycle  of  acceleration  and 
augmentation  of  the  respiratory  movements.  Bilateral  removal  of 
the  otoliths  does  not  affect  the  response  to  movement  in  a  vertical 
direction,  that  is,  to  linear  acceleration,  but  complete  removal  of  both 
vestibules  aboUshes  the  response.  Bro^^^l  supposes  that  the  ampullae 
may  respond  to  movement  in  a  straight  line,  and  departs  from  Breuer's 
and  Ach's  views.  Extirpation  of  both  vestibules  has  no  permanent 
effect  upon  the  respiratory  movements,  although  there  is  indication 
of  some  temporary  loss  of  tonus  of  the  muscles  of  the  floor  of  the  mouth. 

Reptiles.  The  reptilian  brain  represents  the  highest  tj^pe  of  general- 
ized brain.  The  superficial  layer  of  gray  matter  on  the  cerebral  cortex 
has  increased  in  amount,  as  compared  with  the  batrachian  brain  (45) 
and  there  is  some  representation  of  the  central  termmations  of  the  optic 
fibers  in  the  cerebral  hemispheres  (46).  In  higher  vertebrate  phyla, 
there  is  development  of  the  avian  brain  on  the  one  hand  characterized 
by  the  relative  preponderance  of  the  cerebellum,  and  the  mammalian 
brain  on  the  other  hand,  characterized  by  the  relative  preponderance  of 
the  cerebral  hemispheres.  The  vestibule  is  enclosed  in  hard  bone,  so 
that  sharply  localized  lesions  of  its  various  parts  are  not  easy  to  effect, 
and  the  mode  of  reproduction  renders  the  extirpation  or  transplanta- 
tion of  the  embryonic  vestibule  more  difficult  than  in  some  batrachians. 
The  variations  in  body  form,  from  the  extremely  elongated  serpents 
without  any  limbs  whatsoever,  to  the  turtles  with  their  extremely 
stable  base  of  support  for  the  body  and  long  mobile  neck,  afford  an 
opportunity  for  study  of  the  effects  of  lesions  of  one  peripheral  sense 
organ  upon  various  types  of  locomotion  in  one  phylum,  and  upon  various 
part.s  of  the  body  as  well. 

Trendelenburg  and  Kiihn  (47)  used  the  European  swamp  tortoise, 
Emys  iutaria,  for  experiment.  After  unilateral  operation,  they  ob- 
served torsion  of  the  head  to  the  injured  side  when  the  head  was  in  the 
sliell  and  bending  of  the  heati  to  the  injured  sid(!  wiien  it  was  i)r()(ruded. 
Slow  progression  on  the  land  was  not  attended  by  any  unusual  disturb- 
ance. The  torHJon  of  the  head  and  neck  is  pcnnaiuMit,  but  there  is 
no  turning  to  one  Hide  in  i)rogre.ssion.  TIk;  swamp  tortoise  is  more 
active  in  the  water  than  on  the  land,  and  more  marked  disorders  appear 
in  swimming  tlmn  in  crawling.  When  at  rest,  the  injured  side  is  lower 
in  the  wat<*r,  and  in  Hwimnung  there  is  movement  in  a  circle  to  the 
injured  side.  Frc(iuently  the  animal  spins  about  a  dorsovcntral  axis. 
It  rights  itself  when  pLiced  back  downwanl  in  the  water. 
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Compensatoiy  movements  of  the  head  are  slower  and  eye  move- 
ments more  rapid  in  the  turtle  than  in  the  lizard.  The  loss  of  one 
vestibule  does  not  alter  the  reaction  of  the  head  to  a  change  of  position. 
If  the  visual  field  is  kept  stationary,  both  the  rotation  and  the  post- 
rotatory  effects  are  obtained  if  the  rotation  is  toward  the  injured  side, 
but  the  after  effect  fails  if  the  rotation  is  toward  the  sound  side.  This  is 
a  point  of  some  interest,  as  it  indicates  that  one  vestibule  has  less  capac- 
ity of  response  to  rotation  in  either  direction  in  these  forms  than  it 
has  in  the  human  subject.  If  the  visual  field  moves  with  the  animal, 
the  rotation  effect  fails  when  the  rotation  is  toward  the  sound  side. 

Bilateral  lesions  are  not  attended  by  any  unusual  manifestation  when 
the  animal  is  at  rest.  The  movements  on  land  are  slow,  but  not  other- 
wise abnormal.  The  head  moves  back  and  forth  without  resistance 
when  the  animal  is  shaken.  It  rights  itself  when  placed  back  downward 
on  the  ground,  but  may  remain  in  the  back  downward  position  when 
swimming.  It  turns  to  one  side  or  the  other,  and  may  even  turn  in  a 
circle  when  swimming. 

Van  Rossem  (48)  had  given,  the  year  before,  an  exhaustive  account 
of  the  vestibular  symptoms  in  turtles.  Our  own  observations  (49) 
have  been  along  the  lines  of  the  unilateral  and  bilateral  extirpation  of 
the  vestibule  and  electrical  stimulation  of  the  ear.  Our  results  on 
extirpation  are  in  general  agreement  with  those  of  Trendelenburg  and 
Kiihn.  Along  with  the  torsion  of  the  head  following  unilateral  opera- 
tion, there  is  a  displacement  of  the  eyes  such  that  the  eye  of  the  injured 
side  is  turned  upward  and  the  other  downward.  When  floating  at  rest, 
the  limbs  of  the  injured  side  are  flexed  closer  to  the  body  while  those 
of  the  opposite  side  are  extended.  Food  is  grasped  accurately  and 
securely  after  the  first  few  days.  The  torsion  of  the  head  lasts  as  long 
as  the  turtle  lives,  eight  months  in  the  case  of  some  specimens.  Any 
decrease  in  the  torsion  occurring  in  the  first  months  of  recovery  is  lost 
after  decerebration.  The  torsion  may-  become  even  more  marked 
than  before. 

The  effects  of  bilateral  operation  are  more  severe.  The  animal  floats 
level  in  the  water,  and  Nanemys  will  float  on  its  back  without  righting 
itself.  Chrysemys,  because  of  the  pecuUar  sha^e  of  its  body,  will 
not  remain  on  its  back  in  the  water  at  all.  In  swimming,  Nanemys 
may  go  in  a  small  circle,  swimming  on  its  side  with  the  back  directed 
toward  the  center,  or  it  may  spin  about  its  dorsoventral  axis  and  stop 
with  all  limbs  strongly  extended  and  its  nose  pointing  almost  straight 
upward. 
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Control  specimens  grasped  pieces  of  fish  placed  in  the  enclosure  readily 
and  accurately.  The  body  is  held  immovable  and  the  neck  and  head  are 
suddenly  thrust  out.  The  jaws  close  with  a  snap  as  the  food  is  reached, 
and  thfe  head  is  quickly  retracted.  I  have  seen  a  turtle,  Chrysemys, 
repeatedly  grasp  at  food  after  bilateral  operation,  without  ever  touching 
it.  The  head  was  retracted  after  each  failure  and  again  thrust  out, 
only  to  go  to  one  side  or  the  other  or  above  or  below  the  desired  morsel. 
Although  evidently  hungry,  the  animal  might  finally  give  up  the 
attempt  to  grasp  the  food  and  crawl  away.  The  broad  flat  body  of  the 
turtle  affords  a  secure  basis  of  support,  and  the  inability  to  grasp  the 
food  signifies  that  the  animal  is  unable,  even  with  the  aid  of  its  eyes  and 
muscular  sense,  to  control  the  rapid  movements  of  the  head  accurately. 
These  erratic  movements  of  the  head  bring  out  sharply  the  importance 
of  Crum  Brown's  statement  that  the  function  of  the  vestibule  is  to 
give  information  of  the  aspect  or  change  of  aspect  of  the  head  in  space. 
The  vestibule  is  a  proprioceptive  structure  whose  biologically  adequate 
stimulus  arises  from  the  aspect  or  change  of  aspect  of  the  head  in  space, 
from  the  aspect  or  change  of  aspect  of  no  other  part  of  the  body  in 
space.    Its  loss  leads  to  centripetal  ataxia. 

Electrical  stimulation  of  the  ear  of  the  turtle  is  easily  accomplished 
(50).  When  the  direct  current  from  fifteen  to  twenty  dry  cells  is 
passed  through  the  head  from  one  ear  to  the  other,  there  is  a  movement 
of  the  body,  brought  about  largely  by  the  hind  feet,  so  that  the  head  is 
turned  toward  the  side  of  the  anode.  The  response  persists  after 
decerebration. 

Loeb  (51)  brought  out  the  important  principle  in  the  homed  toad 
Phrynosoma,  of  the  algebraic  summation  of  optical  and  vestibular 
stimuli  or,  as  he  calls  them,  heliotropic  and  geotropic  effects  in  the 
elicitation  of  compensatory  movements  during  and  after  rotation. 
When  the  lizard  is  rotated,  with  ears  intact  and  eyes  closed,  a  speed  may 
be  found  wiiich  will  elicit  barely  perceptible  compensatory  movements 
of  the  head  during  rotation.  But  on  suddenly  stopping  the  rotation 
the  animal  will  exhibit  very  marked  compensatory  movements.  With 
the  eyes  open  the  effects  arc  just  the  reverse.  Two  animals,  one  with 
the  eyes  open  and  thq  other  with  the  eyes  closed,  may  bo  placed  on  the 
lame  turning  table  at  the  same  time,  and  these  differences  in  deport- 
ment noted  under  exactly  the  same  conditions  of  spcetl  of  rotation  and 
suddennees  of  stopping.  If  the  visual  field  is  rotated  at  the  same  speed 
U  the  animal,  the  cfiTeetH  with  the  eyoH  opcMi  are  the  same  as  with  the 
eyea  closed.     If  an  cndlcHH  roll  of  paper  with  wide  vorticwtl  linos  marked 
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on  it  is  rotated  about  the  animal,  there  are  compensatory  movements 
of  the  head  during  the  movements  of  the  paper,  but  none  after  the  paper 
has  ceased  to  move. 

The  fact  that  the  effect  of  rotation  may  persist  in  animals — frog 
(Ewald),  turtle  (Trendelenburg  and  Kiihn)  after  bilateral  lesions  of 
the  vestibule  when  the  eyes  are  open  but  not  when  the  eyes  are  closed 
had  been  known  for  some  time  previously,  and  the  neglect  of  precau- 
tionary measures  has  led  to  some  incorrect  statements.  The  fact  that, 
in  Phrynosoma,  the  most  marked  compensatory  movements  of  the 
head  appear  after  rotation  has  ceased  when  the  eyes  are  closed  seems 
to  dispose  effectively  of  Schafer's  (52)  analogy  of  the  loosely  jointed 
wooden  head  and  his  view  that  the  compensatory  movements  of  the 
head  during  rotation  arise  from  the  inertia  of  the  head  itself.  Gruen- 
berg  (53)  had  concluded  from  experiments  on  the  frog  that  the  "spin" 
was  the  only  constant  element  in  the  excitation  of  the  vestibule  during 
rotation,  and  Maxwell  (54)  showed  on  Phrynosoma  that  the  torsion 
effect  was  the  essential  element.  The  two  names  appear  to  indicate 
exactly  the  same  thing. 

Trendelenburg  and  Kiihn  found  that,  after  bilateral  lesions  of  the 
vestibule,  the  common  lizard,  Lacerta  agilis,  showed  no  abnormal 
position  of  the  head  when  at  rest.  From  time  to  time,  however,  sway- 
ing of  the  head  from  side  to  side  would  appear.  These  movements 
were  especially  noticeable  after  the  animal  had  been  making  rather 
vigorous  movements  of  the  body  and  had  come  to  rest.  The  animals 
had  great  difficulty  in  catching  the  meal  worms  on  which  they  were 
fed,  the  head  swaying  about  so  much  that  it  was  largely  a  matter  of 
chance  when  a  worm  was  caught. 

Henri  (55)  considered  it  of  interest  from  the  theoretical  point  of  view 
to  investigate  the  effects  of  vestibular  lesions  in  serpents  because  of 
their  peculiar  method  of  progression.  The  effects  of  vestibular  lesions 
in  the  adder  are  manifested  in  various  ways.  There  is  a  general  feeble- 
ness and  sluggishness  of  movement.  The  intact  snake  raises  its  head 
slightly  above  the  ground  in  crawling,  but,  after  operation,  it  rests  or 
scrapes  its  lower  jaw  on  the  ground,  and  there  is  a  tendency  to  turn 
to  the  injured  side  after  unilateral  operation.  If  held  by  the  middle  of 
the  body,  such  an  animal  attempts  to  raise  its  head  to  reach  the  sus- 
taining hand,  but,  in  so  doing,  it  turns  its  head  around  in  a  circle  and 
rotates  about  the  long  axis  of  its  body.  The  head  is  lower  on  the"  in- 
jured side  when  crawling  or  at  rest.  It  may  even  rotate  about  its  long 
axis  in  crawling.     If  placed  on  its  back,  it  rights  itself,  turning  always 
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to  the  injured  side.  Movements  of  the  head  may  persist  for  some  time 
after  crawling  has  ceased.  These  observations  were  confirmed  by 
Trendelenburg  and  Kiihn.  They  found  that  the  rolling  movements 
of  the  body  occur  only  when  the  snake  is  on  a  smooth  surface,  and  not 
on  a  rough. 

After  bilateral  operation,  the  position  when  at  rest  differs  in  no  notice- 
able respect  from  the  normal.  But  uncertainty  is  apparent  as  soon 
as  the  snake  attempts  to  move.  The  head  moves  back  and  forth- like 
a  pendulum,  with  only  momentary  interruptions.  If  the  snake  is 
grasped  by  the  anterior  part  of  the  body  and  shaken,  the  head  moves 
aimlessly  back  and  forth.  In  a  normal  animal  the  head  moves  along 
with  the  body.  In  swimming  the  head  sways  from  side  to  side  with 
the  movements  of  the  body  instead  of  maintaining  its  median  position, 
as  in  the  normal  specimen.  Spiral  bending  and  swimming  occur  at 
times.  The  back  upward  position  in  the  water  is  very  stable,  even 
when  the  eyes  are  closed  with  collodion.  Only  when  dropped  from 
a  height  does  the  snake  turn  ventral  side  up  in  the  water. 

Most  of  the  actual  information  derived  from  a  exporlmontal  source 
as  to  the  function  of  various  parts  of  the  vestibule  and  the  mechanism 
of  excitation  has  come  from  the  study  of  the  representatives  of  the  three 
lower  phyla  of  vertebrates.  The  role  of  the  receptor  in  giving  the  animal 
control  of  the  movements  of  the  head  is  clear  from  a  study  of  the 
experimental  results.  The  difference  in  effect  of  unilateral  or  bilateral 
lesions  upon  various  closely  related  forms  with  different  methods  of 
progression,  but  all  of  which  are  alike  in  possessing  a  central  nervous 
eyfftem  which  does  not  show  any  very  high  degree  of  development,  as 
compared  with  the  mannnalian  tyiie,  and  which  vary  from  forms  which 
8ix?nd  their  whole  life  in  the  water  to  those  which  enter  the  water  only 
incidentally,  are  better  shown  here  than  in  any  other  animal  types  used 
for  experiment.  One  finds  all  variations  from  no  receptor  whose  nor- 
mal mechanism  of  excitation  depends  upon  the  asjiect  or  change  of 
anpect  of  the  hca<l  in  space,  and  no  special  effec^tora  for  correcting  any 
variation  of  the  head  or  body  from  the  normal  i)osition,  to  a  specialized 
receptor  and  a  complete  eciuipment  of  effectors.  In  between  these 
cxtrenioM  there  are  nidiinentary  or  primitive  effectors,  or  even  their 
total  abw?nce.  The  eel  and  the  Herjx'iit  have  no  Hjxu'ial  etTectors  aside 
from  tl>e  general  mUHciilature  of  the  body.  There  are  no  paired  ap- 
pcndagoH.  But  the  i)reH<»nce  of  the  Hpecialized  receptor  enables  the 
animal  ho  to  manipulate  or  control  its  general  body  niUHculature  that 
all  variationx  "f  Hm-  I.<.<Iv  and  head  from  the  normul  ])osition  may  bo 
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remedied  promptly  and  effectively.  Similarly,  Siredon  may  suffer 
the  loss  of  all  four  limbs  but,  as  long  as  the  vestibular  endings  are  in- 
tact, the  animal  suffers  no  loss  of  motor  control  in  the  water.  One 
need  go  no  further  than  the  forms  already  described  to  find  ample 
reason  for  doubting  Ayers'  (2)  pessimism  as  to  why  the  vestibular 
mechanism  should  have  been  evolved. 

Passing  from  these  lower  vertebrates  with  the  generalized  nervous 
system  to  the  birds  and  mammals,  the  nature  of  the  problem  changes 
somewhat.  The  increasing  efficiency  of  the  central  nervous  system 
as  an  integrating  mechanism,  and  the  increasing  complexity,  with  a 
possible  increase  in  its  modalities,  of  a  peripheral  sensory  mechanism 
shift  the  emphasis  from  the  effects  of  the  excitation  or  lesion  of  one 
peripheral  sensory  structure  as  we  find  it  in  lower  vertebrates,  to  the 
ability  of  a  more  developed  central  integrating  mechanism  to  com- 
pensate for  and  largely  mask  the  effects  of  the  loss  of  a  single 
peripheral  receptor.  The  development  of  the  exteroceptors,  and  partic- 
ularly of  the  distance  receptors,  in  the  land-living  mammals  and  birds 
introduces  another  element.  The  free,  powerful  swimming  fishes  are 
dependent  upon  proprioceptors  alone  for  the  maintenance  or  control 
of  the  position  of  the  body  while  in  the  water  and  not  in  contact 
with  the  bottom  or  other  solid  or  motionless  objects.  There  are  few 
fixed  points  of  reference  in  their  environment  of  which  they  take 
cognizance  through  the  exteroceptors,  contact  or  distance.  Prob- 
ably there  are  few  fixed  points  in  the  open  ocean  through  or  by 
which  a  whale  orients  itself,  but  with  the  other  land-dwelling  mam- 
mals, and  particularly  man,  the  case  is  different.  There  are  few 
times  in  the  life  of  an  ordinary  mammal  on  land  when  it  is  not  in  con- 
tact with  the  earth  or  some  other  fixed  object.  In  the  water  or  in  the 
air,  the  case  may  be  a  little  different,  and  the  study  of  the  effects  of 
vestibular  lesions  in  birds  and  mammals  should  be  carried  out  under 
conditions  as  similar  as  possible  to  those  under  which  the  vestibular 
mechanism  is  of  greatest  usefulness  in  the  lower  vertebrates,  that  is, 
when  an  animal  is  prevented  from  coming  in  contact  with  fixed  objects 
in  the  environment,  or  when,  through  elimination  of  vision,  it  is  pre- 
vented from  orienting  itself  through  the  visual  exteroceptors. 

It  is  to  be  presiuned  that  the  effects  of  vestibular  lesions  in  lower 
vertebrates  are  more  nearly  objective  than  subjective.  In  the  human, 
subjective  effects  appear,  such  as  vertigo  and  the  general  group  of  sensa- 
tions which  have  been  included  under  the  term  sensation  of  rotation 
or  of  apparent  movement.     There  is  presumably  an  organic  basis  for 
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such  sensations,  but  their  analysis  leads  one  into  the  central  nervous 
s>''stem  rather  than  to  mere  lesions  of  peripheral  receptors.  A  funda- 
mental principle  in  the  interpretation  of  the  effects  of  central  nervous 
lesions  in  different  animal  forms  enters  in  here, — the  principle  of  the 
migration  of  function  toward  the  anterior  or  cephalic  portion  of  the 
central  nervous  axis  (46). 

Birds.  The  vestibule  of  birds  has,  from  the  time  of  Flourens  to  the 
present,  held  a  central  place  in  the  study  of  its  function.  The  work  of 
Flourens  on  the  experimental  elimination  of  the  internal  ear  marked 
the  first  stage  in  the  experimental  study  of  this  receptor.  The  second 
stage  began  when  Goltz  (21)  formulated  his  theory  that  the  semi- 
circular canals  were  sense  organs  for  the  perception  of  the  position  of 
the  head  in  space.  He  proposed  a  hydrostatic  theory  of  stimulation 
of  the  vestibule  through  changes  in  hydrostatic  pressure  of  the  fluid 
with  the  changing  position  of  the  head  in  space.  The  hydrostatic 
theory  fell  into  disuse  after  the  development  of  the  dynamic  theoiy  of 
Mach,  Breuer  and  Crum  Brown.  There  is  abundant  evidence  that  the 
dynamic  theory  is  applicable  under  many  conditions  of  animal  activity, 
but  to  discard  totally  the  hydrostatic  theory  at  present  seems  premature. 
We  have  only  to  remember  that  the  change  in  the  position  of  the  eyes 
of  a  normal  dogfish  lasts  as  long  as  the  head  is  held  in  the  changed  posi- 
tion, long  after  any  inertia  of  the  fluid  in  the  vestibule  has  been  over- 
come, to  see  one  possible  application  of  the  hydrostatic  theory.  That 
it  is  not  necessarily  due  to  displacement  of  the  otoliths  is  shown  by  the 
fact  that  the  same  displacement  of  the  eye  occurs  after  removal  of  the 
otoliths. 

Ewald  (50)  called  attention  to  the  state  of  the  vestibular  problem  at 
that  time  in  the  introduction  to  his  first  paper  on  the  function  of  the 
vestibule  in  birds.  Experiments  up  to  that  time  had  yielded,  as  they 
have  up  to  the  present,  conflicting  results.  The  effects  of  vestibular 
lecions  in  birds,  up  to  that  time,  hud  been  more  severe  and  more  per- 
manent than  the  effects  of  similar  lesions  in  fishes  or  mammals.  The 
moet  reliable  work  on  fishes  has  appeared  since  1887,  and  the  effects  of 
vestibular  lesions  in  birds  have  gained  enormously  in  deaniess,  ac- 
curacy and  fulness  of  detail  from  the  work  of  Ewald  himself.  Better 
methoilM  of  operation  have  Ixien  devised  in  mammals,  and  the  obscrva- 
tions  of  the  cflfects  of  h^sions  have  been  more  carefully  made  since  that 
time,  but  the  differenees  in  effc^ct  which  Ewald  noted  are  still  more  or 
\ctm  apparent.  The  immediate  cfrecls  of  operation  are  very  similar 
in  severity  in  all  iy\HiH  of  vertebruteH  whi(;h   have   come   under   my 
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observation,  but  the  remote  effects  differ  in  intensity,  and  particularly 
under  varying  conditions.  The  effects  of  bilateral  lesions  in  larval 
frogs  are  more  severe  than  the  effects  of  similar  lesions  in  birds  or 
mammals.  The  severity  and  permanency  of  the  effects  in  Siredon  are 
fully  equal  to  those  in  birds,  and  more  than  equal  to  the  effects  observed 
in  mammals  under  or(iinary  conditions.  Ewald's  statement,  therefore, 
needs  some  revision  in  view  of  the  greater  number  of  facts  now  available 
on  a  greater  range  of  animal  forms. 

Ewald  stated  three  possibilities,  one  or  more  of  which  might  account 
for  this  difference  in  the  effect  of  vestibular  lesions:  1,  There  may  be  a 
difference  in  the  topographical  relations  of  the  vestibule  in  different 
types  of  animals,  so  that  contiguous  structures  may  be  damaged  in 
different  degrees  in  vestibular  operations  on  various  animals.  For 
example,  neighboring  regions  of  the  brain  may  be  damaged  more  in 
birds,  less  in  mammals,  and  not  at  all  in  fishes.  It  was  not  until  Lange 
(57)  showed  that  the  effects  of  vestibular  lesions  in  birds  were  not 
dependent  in  any  degree  upon  injury  to  the  cerebellum  that  this  ques- 
tion was  answered  for  birds.  And  no  good  experimenter  need  inflict 
any  injury  whatsoever  upon  the  central  nervous  system  of  any  animal 
in  operating  upon  the  vestibule.  2,  We  may  say  that  the  vestibule 
has  different  functions,  or  at  least  different  degrees  of  the  same  function, 
in  widely  separated  groups  of  vertebrates.  Fish  may  have  a  rudi- 
mentary development  of  the  vestibular  sense,  mammals  a  somewhat 
better  development,  and  birds  the  highest  development  of  all.  By 
way  of  comment  on  this  possibility,  it  may  be  said  that  we  have  no 
index  of  the  acuity  of  the  vestibular  endings  in  any  vertebrate  except 
man.  It  is  possible,  of  course,  that  the  acuity  of  the  vestibular  sense, 
to  follow  Ewald's  terminology',  may  vary  in  different  animal  forms  just 
as  the  acuity  and  sharpness  of  vision  or  the  acuity  of  smell  may  vary, 
even  in  different  individuals  of  the  same  species.  3,  We  may  say  that 
the  vestibule  has  the  same  function  in  different  animal  forms,  and  that, 
following  its  destruction,  the  same  functional  defects  appear  in  all  of 
them;  but  these  defects  may  be  more  or  less,  possibly  completely, 
obscured  by  the  static  conditions  under  which  the  animal  lives.  Under 
these  static  conditions  are  included  the  general  structure  of  the  body, 
the  length  of  limbs,  the  length  of  the  neck,  the  number  and  size  of  the 
points  of  support,  the  topography  and  size  of  the  supporting  surface, 
in  relation  to  the  form  of  the  body  and  the  medium  in  which  the  animal 
lives.  These  considerations  are  important.  As  I  have  mentioned 
above,  the  animals  living  on  the  land  are,  under  all  ordinary  circum- 
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stances,  in  contact  with  a  solid  surface,  that  of  the  earth  itself,  only 
occasionally,  depending  largely  upon  habit,  going  into  the  water  or  into 
the  air.  Birds  go  into  an  even  more  unstable  medium  than  water, — the 
air.  It  seems  to  me  that  we  should  now  add  at  least  one  more  considera- 
tion, 4f  that  of  the  degree  of  development  of  the  exteroceptive  sense 
organs,  particularly  the  distance  receptors,  and  .the  degree  of  develop- 
ment of  the  central  nei'vous  system  itself. 

In  order  to  test  out  these  various  possibilities,  Ewald  made  a  series 
of  experiments  on  various  representatives  of  a  single  phylum  and  chose 
birds.  In  this  phylum,  if  one  does  not  choose  genera  too  remote  from  each 
other,  the  topography  of  the  vestibule  is  too  similar  to  permit  of  many 
differences  in  effect  arising  from  varying  degrees  of  injury  to  con- 
tiguous structures,  and  one  would  think  still  less  of  a  difference  in 
function  of  the  vestibule  in  different  families  of  the  same  phylum.  On 
the  other  hand,  the  static  conditions  in  different  families  and  genera  of 
birds  vary  greatly  according  to  whether  they  run,  jump,  fly  or  swim.  The 
mode  of  station  at  rest  also  varies,  as  some  lie,  sit,  stand  on  two  legs 
or  on  one.  Such  a  study  should  bring  out  the  extent  to  which  the 
functional  disturbances  following  lesions  of  the  vestibule  are  dependent 
upon  the  static  conditions  of  the  birds  chosen  for  experiment.  Ewald's 
results  are  given  in  the  accompanying  table. 

Ewald  emphasizes  the  fact  that  the  difficulty  in  flying  is  more  marked 
in  birds  whose  wing  movements  are  more  rapid  than  in  those  birds 
whose  wing  movements  are  slower.  The  swallow  had  the  most  highly 
developed  powers  of  flight  of  any  of  the  forms  used  for  experiment,  and 
the  disturbances  were  greatest  in  this  bird.  He  draws  the  general 
conclusion  that  when  one  makes  the  same  destructive  lesion  of  the 
vestibule  in  each  of  a  series  of  different  forms  of  birds,  the  resulting 
disturbances  of  movement  are  greater  the  more  difficult  it  is  for  the 
bird  to  maintain  its  equilibrium  normully  in  one  form  of  progression, 
and  the  greater  or  more  rapid  the  degree  of  muscular  coordhiation 
required  for  its  Hucce.s.sful  execution. 

Expcriinfiital  work  has  been  carried  out  in  birds,  and  particularly 
in  pigeons,  in  much  greater  detail.  In  general,  there  is  torsion  of  the 
hea<i  to  the  injured  side,  Hometimes  leaning  of  the  body  to  that  side, 
ine<](mlitieH  of  wing  moveujents,  the  njovements  being  less  (^xlcnsive 
and  of  lean  force  on  the  injured  side,  and  a  loss  of  general  muscular  tonus 
on  one  side,  when  the  leHion  is  unilateral.  Rotation  is  attended  by 
bead  movements,  head  nygtagmuH,  as  Hreuer  calls  it,  and  ocular  nystag- 
mus, in  nonnal  blrdM.    'Ilu*  reactions  to  rotation  are  lost  after  bilateral 
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vestibular  lesions  when  the  eyes  are  covered.  There  is  also  a  great 
disturbance  in  the  sense  of  position  of  the  head,  and  Ewald  argues  for 
a  permanent  loss  of  tonus  of  the  neck  muscles. 

Bernhardt  (58)  applied  ice  to  the  left  posterior  vertical  canal  of  a 
pigeon  and  observed  rapid  movements  of  the  eyelids,  the  eyes  being 
closed;  when  the  pigeon  attempted  to  move,  there  were  rather  feeble 
backward  movements  of  the  head  and  traces  of  circus  motion.  Con- 
tinued cooling  of  both  posterior  vertical  canals  increased  the  backward 
movements  of  the  head  and  the  tendency  to  fall  backward.     Pendulum 

TABLE  1 


DlfTURBANCE 

FLYINO 

JUMPING 

HOPPING 

WALKING 

SWIM- 
MING 

STANDING 

Very  marked 

Swallow 

Marked 

Sparrow 

Raven 

Moderate 

Pigeon 
Raven 

Sparrow 

Raven 
Sparrow 

Slight 

Hen 

Raven 
Pigeon 
Hen 

Transitory 

Goose 

Goose 

Goose 

Raven 

Hen 

Sparrow 

Pigeon 

Goose 

movements  of  the  head,  occasionally  passing  over  into  circus  movements 
of  the  body,  also  appeared.  All  effects  disappeared  in  fifteen  minutes 
after  cooling  was  intermitted.  The  application  of  a  hot  rod  to  the 
left  horizontal  canal  of  a  pigeon  caused  movement  of  the  head  to  the 
right  and  closure  of  the  eyelids.  When  the  eyelids  were  opened  there 
was  strong  deviation  of  the  eyes  to  the  right,  with  quick  jerks  to  the  left. 
Burning  the  right  horizontal  canal  of  the  same  bird  caused  movements 
of  the  head  to  the  left,  but  less  marked  than  when  it  had  before  turned 
to  the  right,  and  it  soon  returned  to  the  midline. 

Considerable  work  has  been  done  on  mechanical  stimulation  of  various 
separate  canals  in  the  pigeon.  Ewald  (38),  by  means  of  his  pneumatic 
hammer,  set  up  pressure  in  a  canal  which  was  transmitted  to  its  ampulla. 
There  was,  in  the  case  of  the  horizontal  canal,  a  movement  of  the  head 
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to  the  opposite  side  in  the  plane  of  the  canal.  There  is  usually  a  return 
to  the  normal  position  immediately  afterward.  When  the  pressure 
is  relieved,  there  is  a  movement  of  the  head  toward  the  side  stimulated, 
but  less  marked  than  when  the  pressure  was  increased.  In  the  case  of 
the  superior  (vertical)  canals,  the  movement  following  the  relief  of 
pressure  is  more  marked  than  the  movement  following  the  increase  of 
pressure.  There  is  also  movement  of  both  eyes,  the  direction  of  the 
movement  being  the  same  in  the  pigeon  as  in  the  dogfish. 

It  should  be  pointed  out  that  Maxwell's  result  on  the  transmission 
of  pressure  from  the  utricle  to  the  ampullae  of  the  various  canals  is  not 
in  any  way  inconsistent  with  Ewald's  results.  The  facts  seem  to  in- 
dicate that,  wherever  the  pressure  may  arise,  whether  in  the  canals  or 
in  the  utricle,  its  transmission  to  the  ampullae  is  sufficient  to  excite  the 
nerve  endings  within  them.  This  is  the  important  thing  to  be  remem- 
bered in  formulating  any  hj'-pothesis  of  the  normal  mechanism  of  excita- 
tion of  the  ampullae. 

Breuer  (31)  has  repeated,  on  pigeons,  Gaglio's  (29)  experiments  on  the 
application  of  cocaine  to  the  vestibule.  There  is  an  agreement  that 
simple  anesthesia  of  the  vestibule  is  attended  by  the  same  effects  as  its 
anatomical  destruction.  Breuer,  however,  disagrees  with  Gaglio  in 
some  matters  of  detail. 

Borries  (59),  basing  his  conclusions  partly  upon  experimental  results 
in  pigeons  and  partly  upon  clinical  observations,  thinks  that  the  changes 
in  the  reaction  to  irrigation  of  the  ears  with  water  colder  or  warmer 
than  the  body, — the  caloric  nystagmus  of  the  clinician, — with  the 
changes  in  the  position  of  the  head  are  dependent  upon  the  otoliths. 
I  am  unable  to  follow  the  reasoning  involved  in  arriving  at  such  a 
conclusion.  While  it  has  been  shown  by  various  experiments  that  we 
muHt  j)robubly  attach  more  importance  to  the  otoliths  than  we  have 
heretofore,  it  has  not  yet  been  shown  that  the  ampullae  of  the  vesti- 
bule are  without  any  functional  importance.  It  seems  much  more 
likely  that  we  must  regard  both  parts  of  the  vestibule  as  functioning 
together  to  l)ring  al)out  a  connnon  reaction. 

MamnialH.  Although  the  first  exiwrimental  ol)servations  on  the 
effoet«  of  excitation  of  the  vestibule  were  made  by  Darwin  and  Purkinje, 
p<ThapM  even  by  Thcophrastus,  on  tlie  human  subjecrt,  the  greatest 
kuowU'dfgui  of  the  functions  and  manner  of  excitation  of  the  vestibule 
hiw  not  \)Oi'U  (lorived  from  observations  upon  tlic  hnman  or  even  upon 
mammals.  Am  has  Imm'Ii  indicated,  the  nature  of  tli(>  problem  changes 
•omewhfif  when  one  reaches  the  birds  and  particularly  the  mMininals. 
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Vertigo,  with  which  Purkinje  dealt,  is  a  subjective  thing  and  not  wholly- 
objective.  Its  consideration  goes  far  beyond  the  mere  function  of  the 
vestibule  and  leads  to  a  problem  of  extreme  complexity  in  the  central 
nervous  system  itself.  Purkinje's  results  have  been  so  well  presented 
elsewhere  (60)  that  their  consideration  here  is  superfluous,  and  the 
problems  of  the  central  nervous  system  are  much  too  complex  to  enter 
upon  here.  Raines  (61)  has  given  a  specific  instance  of  the  phenomena 
of  vertigo  appearing  under  certain  conditions  in  aviators. 

The  ocular  nystagmus,  mentioned  in  birds,  is  a  prominent  feature  of  the 
effects  of  rotation  in  mammals.  The  detailed  description  of  all  forms 
of  ocular  nystagmus  is  given  by  Coppez  (62).  The  typical  form  of 
vestibular  nystagmus,  as  observed  in  man  and  the  higher  mammals, 
is  not  elicited  by  lesions  of  any  other  nervous  mechanism,  so  far  as  my 
observation  or  knowledge  goes,  and  it  does  not  appear  in  typical  form 
in  lower  vertebrates.  Its  consideration  becomes  not  so  much  a  ques- 
tion of  vestibular  function  as  a  problem  of  the  connections  of  the  vestib- 
ular and  oculomotor  nerves  within  the  central  nervous  system.  As 
Eckhard  (63)  states,-  when  it  is  certain  that  no  injury  to  the  medulla 
oblongata  occurs,  there  is  no  ocular  nystagmus  following  lesions  of  the 
cerebellum.  Our  original  statement  that  complete  removal  of  the 
cerebellum  in  the  dog  does  not  prevent  the  appearance  of  vestibular 
nystagmus  has  now  been  confirmed  by  Magnus  for  other  mammals. 

Hitzig  (64)  showed  that  exactly  the  same  phenomena  of  vertigo  could 
be  produced  by  electrical  stimulation  of  the  vestibule  as  result  from 
rotation  of  an  animal  or  man.  The  clinical  application  of  the  electrical 
method  of  stimulation  of  the  vestibule  has  been  considered  by  Babinski 
(65)  and  others. 

All  mammals,  except  man,  show  the  torsion  of  the  head  to  the  in- 
jured side  after  unilateral  vestibular  lesions,  with  rolling  movements 
to  that  side  during  the  first  few  days.  The  torsion  of  the  head  is  per- 
manent, but  the  rolling  movements  and  the  nystagmus  are  transitory. 
The  same  effects  are  often  seen  accompanying  abscesses  of  the  inner 
ear  in  white  mice  and  rats  (66),  guinea  pigs  and  rabbits.  I  have  never 
seen  a  case  of  an  abscess  of  the  internal  ear  in  cats  or  dogs.  Walking 
or  running  in  a  circle  to  the  injured  side  is  also  a  transitory  effect  of  a 
unilateral  vestibular  lesion. 

After  bilateral  operation  there  is  a  slow  swaying  of  the  head  from 
side  to  side,  especially  in  cats,  while  dogs  remain  flat  on  the  floor  for 
some  days  afterward,  refusing  to  walk  or  even  stand.  The  decerebrate 
animal  will  stand,  even  after  removal  of  both  vestibules  (67).     Walking 
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or  ruimmg  in  a  straight  line  soon  becomes  possible,  and  dogs  or  cats 
exhibit  no  noticeable  defects  of  locomotion  when  on  the  ground.  When 
the  eyes  are  covered,  the  dog  has  difficulty  in  walking  in  a  straight  line, 
turning  from  side  to  side  in  an  irregular  way.  Swimming  with  eyes 
open  is  a  matter  of  great  difficulty  or  even  impossible  in  such  an  animal. 
It  may  swim  on  its  side  or  back  or  turn  dowTiward  towai'd  the  bottom  of 
the  pool.  After  unilateral  operation  a  cat  or  dog  will  jump  over  the  side 
of  the  cage  or  from  a  considerable  height  to  the  ground  without  falling 
or  exhibiting  any  defects  of  movement.  But  a  dog  will  not  jump  from 
even  a  moderate  height  to  the  floor  without  falling  in  a  heap  after 
bilateral  operation.  This  observation  was  made  by  Schiff  (68),  and  we 
have  many  times  confirmed  it.  After  one  or  two  experiences,  a  dog 
will  look  over  the  edge  of  the  table  and  whimper  when  food  is  held 
8ome  distance  from  him,  but  he  may  refuse  to  jump  to  the  floor  in 
order  to  get  it.  Under  conditions  where  the  animal  is  deprived  of  the 
use  of  its  proprioceptors  and  exteroceptors  with  the  exception  of  sight, 
as  in  jumping  or  swimming,  the  effects  of  vestibular  operations  may 
be  showTi  in  dogs  months  afterward. 

The  deviation  of  the  eyes  is  permanent  in  lower  vertebrates  follow- 
ing unilateral  vestibular  lesions,  but  it  is  merely  transitory  in  higher 
forms.  It  has  been  found,  also,  that  the  nystagmus  following  rotation 
may  be  decreased  or  even  abolished  by  repeated  rotation  of  an  animal 
or  man  on  successive  days  (69),  (70),  (71).  And  with  reduction  of 
nystagmus  there  is  a  reduction  in  the  degree  of  vertigo  experienced  in 
men.  Tliis  does  not  seem  to  indicate  any  particular  difference  in  the 
function  of  the  vestibule  of  higher  forms  as  compared  with  the  lower, 
but  to  indicate  that  there  is  a  considerable  difforonce  in  the  central 
nervous  relations  of  the  vestibular  and  oculomotor  mechanis^m  in  higher 
forms.  The  problem  again  becomes  one  of  the  organization  of  the 
central  system  and  its  changes  in  phylogenotic  (i('vel()i)in('nt.  And  no 
place  outside  of  the  vestibule  can  one  find  any  part  of  a  proi)rioeei)tive 
mechanism  which  is  circumscribed  in  location  and  which  is  capable  of 
complete  anatomical  removal  with  so  little  damage  to  any  contiguous 
nervous  structures.  For  this  reason  as  well  as  because  of  the  very 
definite  motor  and  postural  disturbances  following  anatomical  lesions 
the  vffstibular  nerve  endings  offer  a  unicjuc  opjjort unity  for  the  niialysis 
of  tho  central  rclutionships  of  an  cxtrciMcly  impoilant  propiioc('i)tor. 
The  problem  is  as  yet  unsolved. 

Dodgfi  (72)  lifts  iiuuic  tho  only  (jrlcrininulions  of  the  thri^shold  of 
fftimulntion  of  the  vestibular  endings   known   to  nie.     The   threshold 
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lies  between  1°  and  2°  per  second  for  sine  curve  acceleration  beginning 
at  zero.  During  actual  rotation  the  threshold  seems  to  be  higher,  as 
a  change  of  6°  a  second  seems  necessary  before  the  subject  notices 
any  change  in  the  rate  of  rotation. 

Aside  from  the  ordinary  results  of  rotation,  some  other  facts  of  in- 
terest have  been  noted  in  connection  with  the  mammalian  vestibule. 
Magnus  and  de  Kleijn  (73)  showed  that  when  a  cat's  head  was  lowered, 
the  vestibules  being  intact,  the  fore  legs  were  flexed  and  the  hind  limbs 
extended ;  when  the  head  was  raised,  the  fore  limbs  were  extended  and 
the  hind  limbs  flexed.  The  numerous  other  papers  of  these  authors 
are  given  in  Griffith's  (11)  bibhography. 

Wilson  (74)  has  shown  that  high  explosives  may  so  affect  the  cochlear 
portion  of  the  ear  that  hearing  is  impossible,  but  the  vestibule  may 
remain  relatively  uninjured.  The  history  of  the  separation  of  the 
auditory  and  vestibular  functions  of  the  internal  ear  is  given  by  Gell6 
(75).  Another  extremely  important  series  of  observations  is  that  of 
Holmes  (76)  on  the  effect  of  gunshot  injuries  of  the  cerebellum.  As 
Holmes  points  out,  the  effects  of  gunshot  injuries  in  the  human  are  more 
nearly  comparable  with  the  experimental  results  in  animals  than  are 
the  effects  of  ordinary  pathological  lesions. 
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ANTI-ANAPHYLAXIS  AND  DESENSITIZATION 

WARFIELD  T.  LONGCOPE 
Johns  Hopkins  University,  Baltimore,  Md. 

The  recent  reviews  by  Arthurs  (1),  Bordet  (2),  Coca  (3),  Dale  (4), 
Wells  (5) ,  Zinsser  (6)  and  particularly  the  extensive  articles  by  Doerr  (7) 
have  presented  the  subject  of  anaphylaxis  in  so  many  of  its  phases  and 
so  satisfactorily  that  it  seems  unnecessary  at  this  time,  and  is  obviously 
impossible  in  the  space  devoted  to  this  article,  to  repeat  what  has 
already  been  so  thoroughly  discussed  in  these  papers,  most  of  which  are 
readily  accessible.  As  the  outline  by  Wells  that  appeared  in  the 
Physiological  Reviews  for  January,  1921,  gives  in  an  admirable 
way  the  general  knowledge  of  anaphylaxis  as  it  has  been  developed 
experimentally,  therefore  an  attempt  will  be  made  in  this  review  only 
to  elaborate  one  or  two  phases  of  the  subject  that  have  not  been  so 
exhaustively  discussed  in  theae  articles. 

The  recognition  of  states  of  sensitization  in  the  human  being  that 
simulate  or  are  analogous  to  the  anai:)hylactic  state  in  the  animal  has, 
for  some  j'ears,  attracted  attention,  and  a  considerable  amount  of  work 
ha«  been  done  in  an  endeavor  to  detennine  what  diseases  owe  their 
origin  to  this  condition  of  hypersonsitiveness.  Through  those  studies 
it  has  Ijeen  well  establi.shod  that  in  many  patients  iiay  fever,  asthma, 
acute  intestinal  disturbances  occurring  particularly  in  children,  various 
forma  of  skin  affections,  such  as  eczema,  urticaria  and  dilTcMcnt  ty|x?s 
of  dermatitis  and  occasionally  angioneurotic  edema,  depcMul  upon  the 
fact  that  the  individual  possesses  an  abnormal  hyperscnsitiveness 
toward  some  substance,  oft<?n,  but  not  invariably,  containing  foreign 
proteins.  The  most  common  of  thes(;  are  the  pollens  of  plants,  the 
dander  and  hair  of  animals,  the  feathers  of  birds,  food  substances,  and 
even  drugs  and  chemicals.  It  seems  cl(»arly  proven  now  that  there  are 
direct  n;lationHliip.s  Iwftween  hay  fever  and  tin;  iniialulion  of  certain 
varieties  of  |X)llen,  Iwtwcen  the  perennial  fonns  of  rhinitis  and  asthma 
and  the  inhalation  of  th(»  dander  of  animals,  ihv  dust  from  feathers,  the 
powder  of  rootH,  hucIi  as  orris,  or  tin*  ingcslion  of  foods  such  as  eggs, 
milk  and  cereal.  A  direct  association  has  further  b<!en  estabUshed 
between  the  appearance  in  certain  individuals  of  ec/cniM.  uificana, 
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different  forms  of  dermatitis  and  angioneurotic  edema  and  the  contact 
or  ingestion  of  many  of  the  substances  already  mentioned  or  even  of 
chemicals.  In  an  attempt  to  relieve  the  individual  of  the  affection 
from  which  he  has  been  suffering,  methods  have  been  employed  to 
reduce  or  to  abolish  the  state  of  hypersensitiveness  which  is  known 
to  form  the  basis  of  these  reactions,  and  it  is  particularly  with  the  sub- 
ject of  anti-anaphylaxis  or  desensitization  that  this  review  will  deal. 

The  original  observations  upon  which  all  subsequent  efforts  to  bring 
about  suppression  of  the  state  of  anaphylaxis  by  special  methods  have 
been  based  were  made  by  Besredka  and  Steinhart  (8),  confinned  almost 
immediately  by  Otto,  Rosenau  and  Anderson  and  Gay  and  Southard, 
and  developed  experimentally  especially  by  Besredka  and  Weil. 

With  the  object  of  finding  some  method  that  might  be  apphcable 
in  preventing  anaphylactic  shock  and  serum  disease  arising  in  man 
after  the  use  of  horse  serum  for  therapeutic  purposes,  Besredka  (9) 
experimented  with  a  great  number  of  substances,  which,  it  was  hoped, 
might  counteract  the  effect  of  the  hypothetical  poison  that  was  at  this 
time  supposed  to  induce  the  anaphylactic  shock.  Among  other  methods 
he  tried  the  effect  which  heat  had  on  the  horse  serum  that  was  employed 
for  the  second  or  intoxicating  dose  of  protein  injected  into  the  sensitized 
guinea  pig.  This  disclosed  the  fact  that  heat  impaired  materially 
the  activity  of  serum  employed  for  the  second  injection.  Horse  serum, 
diluted  in  the  proportion  of  1  to  4  with  distilled  water  to  prevent  coagu- 
lation, he  found  could  be  heated  to  76°C.  for  20  minutes  without 
materially  affecting  its  activity.  Kept  at  a  temperature  of  89°C.  for 
20  minutes,  some  decrease  in  activity  was  observed.  This  impaiiment 
was  more  evident  when  the  diluted  serum  was  kept  at  95°C.  for  the 
same  length  of  tune,  and  at  a  temperature  of  100°C.  for  20  minutes 
the  activity  of  the  serum  was  completely  abolished.  Provided  the 
horse  senim  was  heated,  many  times  the  fatal  dose  could  be  injected 
intravenously  in  highly  sensitized  guinea  pigs  without  causing  unto- 
ward symptoms.  Besredka  further  observed  that  though  the  injection 
of  heated  serum  might  be  hannless,  it  possessed  the  power  of  protecting 
the  guinea  for  some  time  against  injections  of  unlieated  serum,  which, 
in  themselves,  were  surely  fatal.  Further  experiments  demonstrated 
that  the  same  effect  could  be  obtained  with  the  specific  unheated  serum 
when  this  was  injected  subcutaneously,  intraperitoneally,  intrathecally, 
or  intravenously  in  amounts  considerably  below  the  minimal  lethal 
dose.  Sensitized  guinea  pigs  could  thus  be  protected  against  several 
times  the  lethal  dose  of  horse  serum  by  a  single  injection  that  was 
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200  to  500  times  below  the  lethal  dose.  This  refractory  phase  which 
Besredka  first  called  anti-anaphylaxis  was  later  designated  by  Weil, 
and  indeed  Besredka  himself,  as  desensitization,  a  term  which  describes 
much  more  appropriately  than  anti-anaphylaxis  this  particular  condi- 
tion.    It  will  therefore  be  referred  to  in  this  article  as  desensitization. 

Thomsen  (10)  has  stated  veiy  clearly  the  theories  that  may  be  offered 
to  explain  desensitization.  He  suggests  that  this  may  occur  in  at 
least  three  ways: 

I.  By  the  destruction  or  exhaustion  qf  the  antibody  (occasioned 
by  the  preliminary  injection). 

II.  By  the  interference  with  the  reaction  between  antigen  and  anti- 
body. 

III.  By  the  insusceptibility  or  diminished  activity  of  the  animal 
toward  the  shock-producing  factor,  which  is  an  hypothetical  and  inde- 
finable substance. 

It  may  be  seen  that  these  explanations  assume  first  that  an  antibody 
is  formed  toward  the  specific  protein  which  is  introduced  parenterally; 
and  secondly,  that  the  symptoms  of  anaphylactic  shock  are  in  some 
manner  associated  with  the  union  of  the  specific  antigen  and  antibody. 
It  is  not  possible  in  the  present  article  to  bring  forward  all  the  evidence 
in  support  of  this  view,  but  it  is  sufficient  to  say  that  though  investiga- 
tors have  differed  in  their  opinion  as  to  the  situation  and  the  manner  of 
the  union  between  antigen  and  antibody,  and  though  the  intermediate 
steps  between  this  union  and  the  actual  evidences  of  anaphylactic 
shock  are  still  very  obscure,  still  there  is  general  agreement  that  the 
symptoms,  which  result  from  the  injection  of  a  specific  protein  in  a 
sensitized  animal  are,  in  some  way,  dependent  upon  the  interaction  of 
antigen  and  antibody. 

To  explain  the  protective  effect  of  a  single  sublethal  dose  of  spe- 
cific protein  against  a  lethal  dose  in  a  sensitized  guinea  pig,  Besredka 
advanced  the  hypothesis  that  the  protein  given  in  the  prelhninary  injec- 
tion, united  with  the  antibodies  and  by  doing  so  reduced  their  potency 
or  combining  power.  This  resulted  in  a  condition  which  necessitated 
the  injection  of  much  greater  amounts  of  antigen  in  subseciucnit  injec- 
tions in  order  to  bring  about  an  explosive  reaction  with  death.  His 
experimcntii  seemed  to  show,  moreover,  that  it  was  ]>ossihIe  to  increase, 
ahnotft  to  an  in(lefiniu>  point,  the  tolerance  of  Hensiti/AHl  guinea  ])igs 
toward  the  specific  protein  by  repeating,  at  short  int4»rvals  and  in  increas- 
ing amounts,  injections  of  the  Hpecific  |)n)t<'in.  Thus  a  sennit  izcci  guinc^a 
pig,  for  which  an  intniVf-nouH  done  of  0.05  cc.  of  scrum  would  \)v  fatal 


ANTI-ANAPHYLAXIS   AND   DESENSITIZATION  243 

was  given  0.025  cc.  of  serum  intravenously  without  harm;  5  minutes 
later  0.10  cc.  without  serious  symptoms;  2  minutes  later  0.25  cc.  without 
symptoms,  and  2  minutes  later  1.0  cc.  could  be  administered,  twenty 
times  the  lethal  dose,  without  harm.  This  method  of  desensitization 
could  be  employed  in  passively  sensitized  animals  as  well  as  in  actively 
sensitized  animals.  The  preliminary  injections  were  efficacious  when 
administered  by  vein,  intracerebrally,  intraperitoneally  or  subcuta- 
neously.  Larger  doses  were  necessary  for  desensitization  when  the  injec- 
tions were  made  intraperitoneally  or  subcutaneously,  and  required 
a  much  longer  time  to  take  effect  than  when  administered  intravenously. 
The  fact  that  a  rapid  union  of  antigen  and  antibody  is  necessary  for 
the  production  of  the  explosive  reaction  that  characterizes  anaphylactic 
shock,  led  Friedberger  and  Mita  (11)  to  employ  a  method  of  desensitiza- 
tion which  varied  in  technique  from  that  employed  by  Besredka. 
They  showed  that  when  horse  serum  highly  diluted  with  salt  solution 
was  infused  at  an  extremely  slow  rate  into  sensitized  guinea  pigs, 
desensitization  could  eventually  be  established,  and  that  guinea  pigs 
treated  in  this  manner  were  refractory  to  large  doses  of  horse  serum. 

In  general  these  observations  have  been  confirmed  by  Friedberger 
and  Mita,  Weil  (12)  and  many  subsequent  investigators ;  but  not  infre- 
quently such  irregularities  occur  in  the  results  that  have  been  obtained 
during  the  course  of  desensitization.  that  the  correctness  of  Besredka's 
view  has  been  called  in  question.  Thomsen,  who  has  experimented 
most  carefully  on  this  subject,  emphasizes  the  fact  that  the  rate  and 
degree  of  sensitization  varies  considerably  in  different  groups  of  guinea 
pigs,  is  influenced  by  the  age  of  the  animal  and  is  affected  materially 
by  the  size  of  the  sensitizing  dose.  It  is  well  known  that  small  doses 
of  serum  sensitize  guinea  pigs  more  rapidly  than  large  doses.  In 
Thomsen's  experiments  an  injection  of  0.004  cc.  of  horse  serum,  in  one 
group  of  guinea  pigs,  resulted  in  increasing  sensitiveness  up  to  the  25th 
day;  after  this  time  the  degree  of  sensitization  gradually  diminished, 
but  was  still  present  285  days  after  the  original  injection.  When  the 
sensitizing  dose  was  larger,  0.1  cc,  the  height  of  sensitization  was  not 
reached  until  the  62nd  day  after  injection;  but,  on  the  other  hand, 
persisted  for  at  least  365  days.  He  further  confirmed  Friedberger  and 
Simmel  (13)  in  the  view  that  on  the  one  hand  very  young  guinea  pigs 
and  on  the  other  old  guinea  pigs  are  much  more  resistant  both  to  active 
and  passive  sensitization  than  are  guinea  pigs  which  weigh  from  200 
to  600  grams.  It  is  obviously  of  great  importance  to  keep  these  facts 
in  mind  when  considering  the  results  of  any  method  of  desensitization, 
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for  Thomsen  shows  quite  clearly  in  his  experiments,  that  it  is  much 
more  difficult  to  desensitize  guinea  pigs  that  are  highly  sensitized,  than 
those  whose  sensitization  is  of  only  moderate  degree.  With  high  grades 
of  sensitization  one-half  the  m.l.d.  of  horse  serimi  injected  intravenously 
increased  the  resistance  of  the  guinea  pig  very  slightly,  was  perceptible 
in  21  hours  and  persisted  for  8  days;  whereas  with  moderate  grades 
of  sensitization  a  single  intravenous  injection  of  one-half  the  m.l.d. 
increased  the  resistance  of  the  guinea  pig  30  times,  was  partially  effec- 
tive in  20  minutes,  completely  effective  in  2h  hours  and  persisted  8 
days.  The  same  quantitative  relation  between  the  degree  of  sensitiza- 
tion and  the  relative  difficulty  of  desensitization  held  when  the  guinea 
pigs  were  sensitized  passively,  for  guinea  pigs,  made  passively  sensitive 
by  the  injection  of  small  amounts  of  antihorse  rabbit  serum,  could  be 
much  more  readily  desensitized  to  horse  serum  than  those  injected  with 
large  quantities.  Thomsen's  experiments  seem  to  show  that  there  is 
a  close  relationship  between  the  amounts  of  antibody  in  the  sensitized 
guinea  pig  and  the  relative  difficulty  of  desensitization,  the  presence 
of  large  amounts  of  antibody  rendering  desensitization  difficult;  and 
he  concludes  that  during  the  process  of  desensitization  antibody  dis- 
appears. 

It  seems  quite  clear  also  from  the  work  of  Dale  and  his  co-workers 
(14),  Weil  (15)  and  others,  that  it  is  the  tissue  cells  which  are  exhausted 
of  their  antibody  during  this  process  of  desensitization.  Dale,  who  has 
developed  so  extensively  the  use  of  the  cornu  of  the  uterus  in  experi- 
ments upon  anaphylaxis,  showed  that  the  entire  process  of  desensiti- 
zation could  be  carried  out  in  vitro;  for,  if  a  guinea  pig  is  sensitized  to 
two  different  prottuns,  the  addition  of  one  sjx^cific  protein  to  the  Ringer's 
solution,  in  which  the  uterine  segment  is  sus|wnded,  rentiers  the  uttTUS 
insensitive  to  subsequent  application  of  this  specific  protein,  but  leaves 
the  reactivity  of  the  utema  unimpaired  toward  the  second  protein  to 
which  the  guinea  pig  was  sen.sitive.  The  experiments  of  Dale  and  his 
co-workers  are  of  great  imjxjrtance  in  demonstrating  the  fact  that  the 
mechanism  of  specific  desensitization  affects  tlie  tissue  cells,  in  both 
actively  and  passively  sensitized  guinea  pigs,  and  further  throw  ligiit 
upon  the  condition  of  the  cells  during  their  pha.s(>  of  d(?sensitization. 
One  may  ask  whether  the  cell  during  this  period  is  restored  to  a  coTidi- 
tton  which  approximat^-s  nonnal,  and  is  devoid  of  all  sub.stances  that 
mJKht  react  either  with  antigen  or  antibody.  Weil  (1(5)  has  made  some 
InifMirtant  contributions  to  this  subject,  for  he  has  shown  that  wIkmi  a 
guinea  pig,  whicli  Uuh  Iwen  Mensitizi'd  to  liorse  s(>rum;  is  desensitized  by 
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repeated  injections  of  horse  serum,  the  animal  may,  during  this  period 
of  desensitization;  be  passively  sensitized  to  horse  serum  with  the  same 
facility  as  a  control  noraial  guinea  pig.  These  experiments  would  indi- 
cate that,  during  the  phase  of  desensitization,  not  only  is  the  antibody 
completely  dispensed  with,  but  the  cells  return  to  a  state  which  so 
nearly  approximates  normal  that  they  are  susceptible  of  passive  sensiti- 
zation to  the  same  protein. 

Such  experiments  have  been  carried  out  not  only  in  vivo  but  in  vitro, 
as  Dale  has  demonstrated  by  employing  the  strips  of  uterine  muscle. 
In  Dale's  (17)  experiments  the  uterus  of  a  guinea  pig,  passively  sen- 
sitized to  horse  serum,  was  removed,  suspended  in  Ringer's  solution 
and  treated  with  horse  serum.  The  reaction  which  followed  the  first 
application  could  not  be  obtained  again  bj'^  applications  made  some 
minutes  later.  This  indicated  that  the  uterine  muscle  had  been  desen- 
sitized. After  thorough  washing,  the  muscle  was  soaked  for  2^ 
hours  in  10  per  cent  dilution  of  serum  from  guinea  pigs  anaphylactic 
to  horse  serum,  and  then  washed  in  numerous  changes  of  Ringer's 
solution.  The  response  to  a  further  addition  of  horse  serum  showed 
that  passive  sensitiveness  had  again  been  conferred  upon  the  muscle 
in  vitro,  and  could  again  be  removed  by  an  effective  dose  of  antigen, 
since  further  additions  of  horse  serum  had  no  effect. 

It  is  to  be  noted  that,  during  the  process  of  specific  desensitization,  the 
affinity  or  receptivity  of  the  antibody  for  the  antigen  gradually  dimin- 
ishes; though  in  the  partially  desensitized  animal  such  an  affinity  may 
still  persist.  In  the  partially  desensitized  state,  however,  much  larger 
doses  of  antigen  are  required  to  produce  a  reaction  than  before  desensi- 
tization has  been  started.  As  Weil  (18)  has  pointed  out,  the  quantita- 
tive relationships  between  the  supposed  union  of  antigen  and  antibody 
differ  from  those  observed  between  precipitin  and  precipitinogen,  and 
resemble  more  closely  the  phenomena  encountered  during  toxin  anti- 
toxin neutralization  when  small  quantities  of  antitoxin  are  added  to 
toxin. 

These  experiments,  which  have  been  purposely  set  forth  in  some  detail, 
all  lead  to  the  conclusion  that  specific  desensitization  of  both  actively 
and  passively  sensitized  guinea  pigs  is  brought  about  by  the  neutraliza- 
tion or  exhaustion  of  the  specific  antibodies.  This  conception  of  the 
process  has  been  adopted  by  most  authorities,  and  by  many  the  view  is 
accepted  that  the  process  of  desensitization  takes  place  within  the 
cells  of  the  body. 
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Before  considering  the  application  of  these  methods  of  specific 
desensitization  to  therapeutics,  it  is  necessary  to  call  attention  to  another 
form  of  insusceptibility  to  anaphylactic  shock,  that  was  observed  by 
Rosenau  and  Anderson  to  follow  the  repeated  injection,  at  short  intervals, 
of  foreign  protein  in  animals.  Guinea  pigs  treated  by  this  method  are 
found  to  be  highly  insusceptible  to  anaphylactic  shock.  At  the  same 
time  they  contain  specific  antibodies  circulating  free  in  the  blood,  so 
that  their  serum,  when  injected  into  a  normal  guinea  pig,  is  capable  of 
sensitizing  this  normal  animal  passively  to  the  specific  protein.  In 
rabbits  treated  by  this  manner  the  serum  not  only  contains  large 
amounts  of  antibody  or  anaphylactin,  but  is  very  rich  in  specific  precipi- 
tins; and,  as  Doerr  and  Russ  (19)  have  shown,  there  is  a  very  close  quanti- 
tative relationship  between  the  precipitin  content  and  the  anaphylactin 
content  of  the  serum  of  these  immunized  rabbits.  The  protection 
which  these  animals  possess  against  injections  of  antigen  seems  to 
reside  in  the  presence  of  these  circulating  antibodies,  which  unite  with 
the  antigen  and  prevent  it  from  injuring  the  cells  of  the  body.  When 
these  antibodies  are  removed  from  the  circulation,  as  has  boon  shown 
by  Weil  (20),  the  guinea  pig  Ijecomes  highly  susceptible  to  injections  of 
antigen.  Likewise,  when  the  organs  are  deprived  of  this  protection 
thej'  show  in  vitro  the  reactions  that  are  characteristic  of  the  highly 
sensitized  animals.  The  exiDerimonts  of  Dale  and  of  Manwaring  and 
Kusama  (21)  show  that  the  organs  removed  from  immunized  guinea 
pigs,  and  washed  free  from  all  circulating  antibodies,  react  in  the  same 
manner  to  the  specific  antigen  as  the  organs  from  highly  sensitized 
guinea  pigs,  and  these  experiments  add  convincing  evidence  for  the 
conclusion  that  the  protection  of  these  animals  resides  in  the  presence 
of  free  antil)ody  in  the  circuhiting  blood. 

Specific  desensitization  of  human  beings.  The  original  investi- 
gations of  Pirquet  and  Sciiick  (22)  on  sorinn  disoaso  showed  that  second 
injections  of  horse  serum,  made  at  a  considoral)le  interval  after  the 
first  injection,  might  give  rise  to  an  immediate  reaction  somewhat  like 
the  usual  fonns  of  serum  disoaso  following  tlu^  first  injection  but  often 
of  rapid  onset  and  very  severe  in  nature.  The  analogy  to  anai)liyla(t  ic 
shock  in  the  guinea  pig  or  rabbit  is  striking  and  it  has  usually  boon 
considered  that  the  fiindumontal  process  of  sonsitization  by  tho  arlificial 
injection  of  fon^ign  prot^tins  is  the  same  in  the  human  being  as  in 
animals.  This  supiMJsition  has,  however,  recently  been  called  in  ques- 
tion by  Coca  (23),  who  upholds  the  view  that  soruni  disoaso  is  only 
one  form  of  the  soHrallod  "hvjH'r.'-onHilivono.s.s."  and  is  dopondent  upon  a 
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state  of  reactivity  of  the  tissues  of  the  individual  which  endows  them 
with  a  special  hypersensitiveness  toward  the  proteins  of  horse  serum, 
a  condition  that  he  terms  "allergy"  and  that  he  classifies  with  "drug 
allergy,"  "food  allergy"  and  "pollen  allergy."  All  of  these  "allergies"  he 
believes  are  fundamentally  different  from  experimental  anaphylaxis 
in  the  animal  inasmuch  as  he  considers  that  the  reactions  take  place 
independently  of  a  specific  antibody  antigen  reaction  and  are  inheritable. 
Most  of  the  arguments  which  he  elaborates  against  the  original  con- 
ception of  Pirquet  and  Schick,  that  serum  disease  is  produced  by  a  toxic 
substance  that  results  from  the  interaction  of  newly  formed  antibody  with 
persisting  antigen,  are  based  on  such  factors  as  the  following:  a.  The 
irregularities  in  the  length  of  incubation  period;  b,  the  conflicting  obser- 
vations upon  the  results  following  second  injections,  the  occurrence  of 
immediate  reactions,  and  the  difficulties  of  desensitizing  the  patient 
who  is  "allergic"  to  horse  serum;  c,  the  irregularities  in  the  occurrence 
and  relationship  of  such  circulating  antibodies  as  precipitin  and  anaphy- 
lactic antibody  to  the  serum  sickness,  together  with  the  relationship 
which  the  appearance  of  these  antibodies  bear  to  the  onset,  duration 
and  termination  of  serum  disease;  and  finally  d,  what  he  considers  to 
be  a  remarkable  similarity  between  the  phenomena  of  "drug  allergy" 
and  "serum  allerg5\"  Before  it  is  possible  to  discuss  intelligently  the 
mechanism  of  desensitization  in  the  human  being,  it  is  important  to 
see  in  what  manner  and  how  far  analogies  can  be  drawn  between  the 
anaphylactic  states  in  animals  and  artificial  sensitization  in  human 
beings. 

In  spite  of  the  objections  which  Coca  has  raised  to  the  view  that  an 
antibody  antigen  reaction  is  responsible  for  serum  disease  and  the 
hypersensitiveness,  that  is  known  to  develop  in  the  human  being  after 
the  artificial  injection  of  foreign  proteins,  the  evidence  which  he  brings 
forward  is  scarcely  sufficient  to  warrant,  at  the  present  time,  the  separa- 
tion of  serum  disease  and  artificial  sensitization  in  the  human  being 
from  anaphylaxis  as  it  occurs  in  animals.  When  the  facts  are  reviewed 
there  is  indeed  much  to  uphold  the  idea  that  the  two  processes  are 
fundamentally  the  same. 

It  has  long  been  recognized  that  different  species  vary  in  the  readiness 
with  which  they  may  be  sensitized  to  foreign  proteins.  Guinea  pigs 
may  be  sensitized  with  extremely  small  doses  of  proterins,  dogs  and  cats 
are  less  readily  sensitized,  rabbits  are  much  more  difficult  to  sensitize, 
monkeys  are  highly  refractory  (24),  while  rats  seem  to  be  entirely 
refractory  (25),  (26).     Observations  upon  the  effect  of  injections  of  horse 
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serum  in  man  indicate  that  sensitization  can  only  be  accomplished  with 
considerable  difficulty,  when  compared  with  such  animals  as  the  guinea 
pig.  According  to  collected  statistics  (27),  (28),  (29),  it  requires  con- 
siderable quantities  of  horse  serum  to  sensitize  man  and  the  incidence 
of  serum  disease  as  well  as  the  subsequent  sensitization  varies  with  the 
dose  of  serum  administered  and  increases  in  proportion  to  the  amount. 
After  the  injection  of  10  cc.  of  horse  serum,  onty  about  10  per  cent 
of  patients  present  symptoms  of  serum  disease,  whereas  injections  of 
90  to  100  cc.  of  horse  serum  result  in  serum  disease  of  vaiying  degrees 
of  severity  in  about  90  per  cent  of  the  cases.  The  variations  in  the 
incidence  and  incubation  period  of  serum  disease  probably  depend 
upon  several  factors,  but  one  factor,  which  is  evidently  important,  is 
the  amount  of  serum  that  is  administered. 

Another  factor  which  has  been  emphasized  by  Mackenzie  and  Leake 
(30)  is  the  individual  variation  that  is  much  more  striking  in  the  human 
race  than  in  most  species  of  animals.  The  observations  of  Coca,Deibert 
and  Menger  (31)  upon  the  incidence  of  serum  disease  in  the  North 
American  Indian  demonstrates  clearly  that  members  of  this  race  are 
much  less  likely  to  have  serum  disease,  after  the  administration  of  100 
cc.  of  horse  serum  intravenously,  than  members  of  the  white  race. 
Thoy  give  the  percentage  incidence  as  46  pxjr  cent  in  26  Indians  as 
against  92.4  per  cent  in  52  whites. 

When  compared  with  the  results  obtained  in  many  animals,  single  or 
even  multiple  doses  of  horse  serum  render  human  beings  relatively 
slightly  sensitive  to  subsequent  injections  of  horse  serum;  but  the 
oteervations  of  Pirquet  and  Schick,  Goodall  (32)  and  Klimenko  (33) 
show  that  serum  disease  occurs  with  greater  freciuoncy  after  second 
injections  of  small  doses  of  hoi*se  serum  than  after  the  first  dose.  More- 
over, when  the  second  injection  is  made  after  a  considerable  time  inter- 
val, the  reaction  to  the  senim  is  lik(»ly  to  Hi)i)ear  within  a  few  minutes 
to  24  hours  following  the  injection  and  is  frequently  violent  and  of 
short  duration.  (loodall  states  that  in  1260  cases  receiving  a  first 
injection  of  diphtheria  antitoxin  464  or  36.8  per  cent  developed  serum 
disease;  wherea.s  in  203  cases,  receiving  a  second  injection  from  2  weeks 
to  13  weeks  after  the  first,  129  or  63.6  per  cent  reacted.  Moreover, 
the  incubation  period  following  the  first  injection  viiricMl  from  6  to  15 
days  in  90  per  cent  of  the  cases,  whereas  in  the  reinjected  cases  the 
serum  disease  made  its  appearance  within  48  hours  in  50  per  cent. 
r*itthermore,  the  first  dose  of  sonnn  may  sensitize  without  in  itself 
j.i'MJiicing  the  visible  reaction — riumely,  serum  disease.    From   the 
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statistics  published  by  Goodall  it  seems  probable  that  individuals 
suffering  from  an  attack  of  serum  disease  caused  by  the  first  injection 
are  especially  prone  to  react  to  the  second  injection.  Of  188  patients, 
half  of  whom  had  not  had  serum  disease  and  half  of  whom  had  had 
serum  disease  following  the  first  injection  of  diphtheria  antitoxin, 
20.4  per  cent  of  the  former  reacted  to  a  second  injection,  and  70.77 
per  cent  of  the  latter.  Though  all  the  collected  statistics  do  not  agree 
in  detail  with  those  of  Goodall,  still  those  of  Klimenko  and  others  show 
a  much  higher  proportion  of  reactions  following  the  second  dose  of 
serum  than  occur  after  the  first;  while  the  skin  reaction,  caused  bj^  the 
intracutaneous  injection  of  horse  serum,  that  may  be  obtained  shortly 
after  the  occurrence  of  serum  disease,  and,  which  may  appear  even  after 
a  dose  of  horse  serum  which  has  not  called  forth  a  generalized  reaction, 
is  known  to  persist  for  many  years.  Employed  first  by  Moss  (34)  as 
a  test  to  detect  sensitization,  the  skin  reaction  has  been  used  extensively'' 
to  determine  the  presence  and  degree  of  sensitization  of  patients  who, 
for  therapeutic  purposes,  require  an  administration  of  antisera  months 
or  years  after  a  previous  injection.  All  of  the  observations  point  to 
the  fact  that  the  primary  injection  of  horse  serum  may  in  itself  alter 
the  cells  of  the  body  in  such  a  manner  that  they  respond  to  a  second 
injection  as  do  sensitized  animals,  with  greater  rapidity  and  in  a  more 
explosive  manner.  Inasmuch  as  serum  disease,  which  may  be  looked 
upon  as  the  evidence  of  a  primary  reaction,  shows  considerable  irregu- 
larity in  its  occurrence,  it  is  not  surprising  that  the  reactions  appearing 
after  the  second  injection  are  also  somewhat  irregular  in  their  occur- 
rence, in  their  severity,  in  their  incubation  period  and  in  their  duration. 
Much  depends  upon  the  dosage,  the  method  of  administration  and  the 
interval  of  time  that  elapses  between  the  first  and  second  doses.  These 
factors  are  equally  important  in  determining  the  effect  which  is  obtained 
with  the  second  dose  of  horse  serum  in  sensitized  animals.* 

1  It  is  possible,  as  Taniguchi  (Journ.  Path,  and  BacterioL,  1922,  xxv,  77) 
has  recently  suggested,  that  some  of  the  immediate  reactions  which  have  been 
observed  in  human  beings,  with  the  first  injection  of  horse  serum,  may  be 
dependent  upon  the  presence  of  heterophile  antibodies  of  Forssman  (Biochem. 
Zeitschr.,  1911,  xxxvii,  78;  Forssman  and  Hintze,  Biochem.  Zeitschr.,  1912, 
xliv,  336).  Taniguchi  points  out  that  heterophile  antibody  is  frequently 
abundant  in  human  serum,  and  that  horse  serum  often  contains  heterophile 
antigen.  The  introduction,  therefore,  of  horse  serum  into  the  circulation  might 
afford  an  opportunity  for  the  union  of  the  heterophile  antigen  injected,  with  the 
heterophile  antibody  in  human  serum,  and  give  rise  to  a  reaction  which  is  indis- 
tinguishable from  anaphylactic  shock. 
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Coca  has  questioned  the  correctness  of  the  conclusions  which  have 
been  based  on  the  demonstration  of  antibodies  in  the  serum  and  which 
have  been  taken  by  some  to  indicate  that  the  fundamental  principles 
of  sensitization  are  the  same  in  man  and  animals.  It  has  been  repeat- 
edly demonstrated  that  man  is  capable  of  producing  such  antibodies 
toward  horse  serum  as  precipitin  and  anaphylactic  antibody,  but  it  is 
difficult  to  state  that  the  appearance  of  these  antibodies  in  the  blood 
serum  bears  a  direct  relationship  to  the  onset,  the  duration  or  the  sub- 
sidence of  serum  disease.  Hamburger  and  Moro  (35)  believed  origi- 
nally that  there  was  a  reaction  between  precipitin  and  precipitinogen  in 
the  circulation,  and  that  this  was  the  actual  cause  of  serum  disease. 
There  seems,  however,  to  be  no  foundation  for  this  view.  Several 
observers,  finding  considerable  irregularities  between  the  occurrence 
of  serum  disease  and  the  appearance  of  precipitins  in  the  circulation, 
have  concluded  that  the  two  processes  bear  no  especial  relationship  to 
each  other  (36),  (37),  (38);  while  others  (Weil)  have  thought  there  was 
a  relationship  and,  finding  precipitin  in  high  concentration  in  the  seriim 
toward  the  end  of  serum  disease,  have  advanced  the  idea  that  the  pro- 
duction of  these  antibodies  in  excess  is  associated  with  the  termination 
of  serum  disease,  and  may  be  regarded  as  an  eflfort  on  the  part  of  the 
body  to  dispense  with  the  antigen  (39),  (30).  Some  recent  experiments 
of  Mackenzie  and  Fruhbauer  (40)  have  cast  doubt  upon  this  latter 
idea  for  they  have  observed  that  repeated  injections  of  large  amounts 
of  antihorse  rabbit  serum  into  the  veins  of  rabbits  that  have  been  pre- 
viously treated  with  horse  serum  have  no  effect  upon  the  rapidity  of 
disappearance  of  horse  serum  from  the  circulation  of  the  rabbit.  One 
possible  error  in  drawing  conclusions  from  observations  upon  jirocipitin 
formation,  lies  in  the  fact  that  precipitins  and  anaphylactic  antibody 
have  often  been  considered  as  identical.  It  is  not,  however,  justifiable 
to  apply  this  conclusion  universally,  for  it  has  been  shown  that  though 
the  white  rat  foniis  sjxjcific  precipitins  for  horse  serum  this  animal 
cannot  be  sensitized  to  this  protein. 

One  may  concrludc,  iiowevor,  that  the  Innnan  IxMng  is  cajmbh^  of  forming 
specific  antilxidicH  to  iiorsc  .serum  sucii  as  precipitins  and  anaphylactic 
antibody;  and  that  the  mechanism  of  the  production  of  those  antibodies 
conforms  to  the  Hiune  general  laws  us  it  does  in  such  animals  as  the 
rabbit,  for  tliough  the  time  of  their  appearance  in  the  circulation 
after  the  finit  dose  of  horse  serum  may  differ  in  the  two  s|M!cie8,  this  in 
both  specicii  may  be  greatly  sliortcned  after  the  second  injection  of 
antigen  ^^^l 
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It  is  therefore  impossible  to  lose  sight  of  the  fact  that  the  human 
being  is  capable  of  reacting  to  horse  serum  by  the  production  of  specific 
antibodies  toward  this  foreign  protein,  and  that  following  injections  of 
horse  serum  the  cells  acquire  the  property  of  reacting  more  promptly 
and  with  greater  vigor  to  second  injections;  and  it  is  difficult  to  escape 
the  original  view  of  Pirquet,  which  most  authors,  including  Dale  and 
Doerr  in  their  most  recent  reviews  uphold,  that  serum  disease  itself  is 
dependent  upon  an  antigen-antibody  reaction,  and  that  the  subsequent 
sensitization  is  due  to  the  presence  of  antibodies  in  the  tissue  cells. 

If  the  conclusion  is  correct  that  the  injection  of  horse  serum  in  man 
produces  a  state  of  sensitization  which  is  comparable  to  that  in  the 
guinea  pig  or  other  animals,  and  that  is  dependent  upon  the  formation 
in  the  cells  of  the  individual  of  specific  antibodies  toward  the  protein 
injected,  it  should  be  possible  to  reproduce  in  man,  as  is  possible  in 
specifically  sensitized  .animals,  the  states  of  specific  desensitization 
and  of  immunity.  To  this  end  the  method  devised  by  Besredka  has 
been  repeatedly  employed  with  varying  degrees  of  success.  In  dealing 
with  the  sensitized  patient  it  is  impossible  to  determine  the  minimum 
dose  of  serum  which  will  cause  symptoms  when  administered  either 
subcutaneously  or  intravenously;  and  it  is,  therefore,  impossible  to 
gauge  the  doses  with  any  approximation  to  accuracy.  Inasmuch  as 
the  second  injection  is  rarely  dangerous,  unless  the  serum  is  given  in 
large  amounts  intravenously  or  intraspinally,  it  is  not  often  that  at- 
tempts are  made  to  desensitize  the  patient  with  accuracy  or  care.  There 
is  considerable  evidence  to  show  that  the  experiments  of  Otto  and 
Hoefer  (42)  are  inapplicable,  and  that  single  doses  of  horse  serum  will  not 
desensitize  highly  sensitized  individuals  against  intravenous  or  intra- 
spinous  injections  of  horse  serum  (43),  (44),  (45),  (46).  Instances  are 
on  record,  however  (47),  in  which  patients  previously  injected  with 
horse  serum,  who  were  found  to  be  so  highly  sensitive  to  this  protein 
that  the  injection  subcutaneously  of  such  small  amounts  of  horse  serum 
as  0.4  cc.  called  forth  the  immediate  generalized  symptoms,  could  be 
rendered  insensitive  to  an  injection  of  8.0  cc.  of  horse  serum  intrave- 
nously, by  giving  first  0.025  cc.  of  horse  serum  subcutaneously  and  re- 
peating in  increasing  amounts  the  dose  of  serum;  first  subcutaneously, 
and  then  intravenously.  During  this  process  of  desensitization  mild 
generalized  reactions  were  observed  after  3  of  15  injections.  Though 
few  cases  that  have  been  carefully  studied  are  on  record,  it  appears  to  be 
possible  to  carry  out  specific  desensitization  of  man  in  much  the  same 
manner,  though  not  as  effectively,  as  in  animals.    It  is  obvious  that 
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absolute  desensitization  is  difficult  to  accomplish,  and  that  during  the 
process  of  desensitization,  general  reactions  may  follow  increases  in  the 
dose,  especially  when  this  is  given  intravenously.  But  the  same  phenom- 
enon is  observed  in  the  desensitization  of  specifically  sensitized  guinea 
pigs  and  has  been  commented  upon  particularly  by  Weil.  There  does  not 
appear  to  be  any  reason,  therefore,  to  consider  that  specific  desensitiza- 
tion under  these  conditions  is  essentiallj'  different  in  man  and  animals. 
There  seems  to  be  little  accurate  infomiation  concerning  the  possible 
immune  state  in  man.  Repeated  primaiy  injections  of  horse  serum, 
given  at  short  intervals,  have  no  effect  upon  the  incidence  or  the 
incubation  period  of  serum  sickness  itself,  for  it  cannot  be  prevented 
by  tfiis  method.  There  does,  however,  seem  to  be  a  period  following 
serum  disease,  in  which  the  patient  shows  considerable  resistance  to 
second  injections  of  the  same  serum.  Goodall  found  that  of  45  patients, 
reinjected  within  5  weeks  of  the  first  injection,  only  37.7  per  cent  showed 
serum  disease  while  of  47  reinjected  after  the  27th  week  76.5  per  cent 
showed  serum  disease.  It  does  seem  to  be  possible  to  administer  horse 
serum  in  large  doses  intravenously,  ten  days  after  an  attack  of  serum 
disease,  without  causing  more  than  a  mild  transitory  reaction  (48).  It  is 
further  known  that  precipitins  and  indeed  anaphylactic  antibody  (49)  (50) 
may  persist  in  the  circulation  for  many  days,  after  an  attack  of  serum 
disease,  and  though  experience  upon  the  reinjection  of  individuals  with 
serum  at  intervals  of  a  few  weeks  is  very  limited,  there  are  observations 
that  suggest  that  a  period  of  considerable  resistance  may  follow  an 
attack  of  serum  disease.  These  few  available  data  suggest  that  this 
period  of  comparative  insensitiveness  corresponds  to  the  period  of 
immunity  in  animals  following  rep(^ated  injections  of  protein  at  short 
intervals;  and  that  this  immunity  may  be  susceptible  to  the  same  expla- 
nation ;  namely,  the  presence  of  an  excess  of  circulating  antibodies  that 
prevents  the  union  of  antigen  with  the  cells  of  the  body. 

DehENHITI/ATION     of    the     NATUUALLY     HYrEUSENSrnVE      STATE     IN 

iiA.N.  Since  the  report  in  1909  of  (lillette  (51 )  who  collected  accounts  of 
30  cases  of  sudden  collapse  or  death  following  the  first  injcH^tion  of 
diphtheria  antitoxin,  there  has  lK»en  considenibI(>  and  increasing  inter- 
est in  the  forms  of  hyixjrscnsitiveness,  already  alluded  to,  which  occur 
in  hay  fever  patients,  in  asthma,  in  ceiiain  acMite  gastro-intesHnal 
diifturbanceN,  in  ecz<*ma,  urticaria,  angioneurotic;  (ulema  and  some  oth(>r 
fonns  of  cutancouN  eruptions.  The  work  of  Cooke  and  Vanderveer  (52), 
SchloHS  (53),  Tallwt  (5-1),  Blackfan  (55),  (Joodule  (5()),  WulkcM-  (57), 
Hackcmann  (58),  Kocssler  (59),  BchepiM-rgrcll  ((>()),  Hurst  (01),  and  Free- 
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man  (62),  has  established  in  great  numbers  of  cases  a  direct  etiological 
relationship  between  a  hypersensitiveness  toward  one  or  several  of  a 
great  variety  of  substances  and  the  symptoms  manifested  by  many 
patients  suffering  from  these  diseases. 

From  a  broad  point  of  view,  it  seems  apparent  that  hypersensitiveness 
shown  by  different  people  to  pollens,  animal  emanations,  foods,  drugs, 
and  possibly  bacteria,  is  dependent  upon  a  common  pathological  state. 
The  symptoms,  it  is  true,  arising  from  this  state  of  hypersensitiveness 
may  vary  in  different  patients,  for  in  one  person  they  may  indicate 
involvement  of  the  respiratory'  tract,  in  another,  of  the  gastro-intestinal 
tract,  or  in  a  third,  some  affection  of  the  skin;  but  on  the  other  hand, 
in  many  reported  instances  of  hay  fever,  or  asthma,  there  have  appeared 
simultaneously  or  alternately  in  the  same  individual  gastro-intestinal  dis- 
turbances and  skin  eruptions,  and  so  far  no  arguments  have  been  adduced 
to  lead  one  to  believe  that  the  fundamental  alterations  in  the  tissues  of 
the  patient  who  suffers  from  hay  fever  due  to  ragweed  is  essentially 
different  from  those  of  a  similarily  hypersensitive  patient  who  suffers 
from  urticaria  or  gastro-intestinal  disturbances  from  eating  eggs.  As 
a  matter  of  fact  the  ingestion  of  a  single  food,  such  as  eggs,  may  cause 
in  the  same  person  or  in  different  persons,  such  varied  symptoms  as 
urticaria,  eczema,  asthma  and  gastro-intestinal  disturbances.  The 
reason  why  a  single  substance,  such  as  egg,  should  cause  asthma  in  one 
person,  urticaria  in  another  and  gastro-intestinal  disturbances  in  a 
third,  has  not  been  satisfactorily  explained,  but  the  experiments  of 
Auer  (63)  and  an  observation  of  McBride  and  Schorer  (64)  suggest 
that  non-specific  local  irritation  may  render  one  organ  or  tissue  of  the 
body  more  susceptible  than  another  to  the  reactions  brought  about  in 
a  hypersensitive  individual  by  contact  with  the  specific  material  to 
which  he  is  sensitive.  Auer  found  that  the  tissues  of  the  sensitized 
rabbit's  ear,  irritated  by  the  application  of  xylol,  undergo  edema  and 
necrosis  when  the  antigen  is  reinjected  intravenously,  in  doses  too  small 
to  cause  symptoms  of  anaphylactic  shock,  while  McBride  and  Schorer 
record  the  history  of  a  man  hypersensitive  to  eggs  in  whom,  after  eating 
small  amounts  of  egg  white,  urticaria  appeared  only  when  the  skin 
was  irritated  mechanically. 

A  comparison  of  these  types  of  hypersensitiveness  seen  in  hay  fever, 
asthma,  etc.,  which  have  often  been  termed  "natural,"  since  their 
origin  is  very  obscure,  both  with  the  artificial  hypersensitiveness 
produced  in  human  beings  by  the  injection  of  such  foreign  proteins 
as  horse  serum,  as  well  as  with  the  anaphylactic  state  produced  experi- 
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mentally  in  animals,  discloses,  on  the  one  hand,  important  analogies, 
and,  on  the  other,  brings  out  differences  that  have  seemed  to  some  inves- 
tigators to  be  almost  of  fundamental  importance. 

Coca  again  upholds  the  view  that  the  so-called  allergies  are  funda- 
mentally different  in  their  nature  from  the  anaphylactic  state  in  ani- 
mals. It  is  true  that  there  are  at  first  sight  striking  differences  between 
the  anaphylactic .  anunal  and  the  hypersensitive  individual.  In  the 
first  place  the  etiology  of  these  natural  forms  of  hypersensitiveness  is 
still  obscure,  for  though  it  has  been  shown  by  Schloss  and  Worthen  (65), 
Schloss  and  Anderson  (66)  and  Gi-ulee  and  Bonar  (67)  that  a  fair 
proportion  of  infants  absorb  egg  albumen  from  the  gastro-intestinal  tract 
and  excrete  this  protein  unchanged  in  the  urine,  and  by  Shannon  (68) 
that  suckhng  infants  nay  acquire  through  their  mother's  milk  proteins 
which  form  part  of  their  mother's  diet,  it  has  not  been  definitely  proven 
that  the  parenteral  introduction  of  such  foreign  proteins  may  always 
produce  sensitiveness  in  infants.  Indeed  Stuart  (69)  has  been  unable 
to  confirm  the  work  of  Shannon  by  careful  experimentation  and  has 
failed  to  demonstrate  egg  protein  in  mother's  milk. 

There  must  be  some  other  factor  which  determines  the  extreme 
hypersensitiveness  of  patients  subject  to  hay  fever,  asthma,  urticaria 
and  similar  conditions,  for  it  is  known  that  man  is  less  readily  sensitized 
by  artificial  methods  than  many  of  the  lower  animals,  and  it  does  not 
seem  likely  that  during  the  absorption  of  small  amounts  of  protein 
through  the  mucous  membranes  of  the  gastro-intestinal  tract,  or  of  the 
respiratory  tract  or  even  through  the  skin  could  alone  produce  the 
exquisite  hypersensitiveness  which  is  often  observed  in  the  human 
being,  and  which  may  result  in  the  appearance  of  violent  symptoms  after 
the  subcutaneous  injection  of  0.000,001  cc.  of  antigen. 

One  other  factor  that  must  be  considered  is  the  hereditary  tendency 
that  many  families  show  to  idiosyncrasies  of  various  typos.  The 
familiar  tendency  toward  asthma  1ms  been  frequently  alluilcd  to  by 
moHt  writers  on  this  subject.  It  has  now  been  established  that  hyper- 
scnKitivencsH  to  proteins  may  occur  ver>'  dcfiiiitx^ly  in  fjuuilics,  htkI  Cooke 
and  Vandci-vecr  have  brought  out  the  fact  that  liny  ft;ver  affects  nienibers 
of  families  in  a  proportion  which  closely  approximates  the  theoretical 
figures  of  the  Mendelian  Law.  They  suggest  that  such  idiosyncrasies  may 
be  inherited  as  a  dominant  characl^M-istic.  in  their  study  of  501  cases 
of  sensitization,  principally  to  polleiiH,  in  which  a  satisfactoiy  histoiy 
could  be  obtained,  \HA  jht  cent  Hliowed  some  fonu  of  seiisitizHtion  in 
the  direct  or  collateral  antecedents.    The  histoiy  was  positive  for  one 


ANTI-ANAPHYLAXIS   AND    DESENSITIZATION  255 

side  of  the  family  alone  in  205  cases  and  for  both  sides  in  39  cases. 
Rackemann  (70)  found,  in  a  study  of  150  cases  of  asthma,  that  a  history 
of  asthma,  hay  fever,  or  food  poisoning  in  the  immediate  family  could 
be  obtained  in  58.7  per  cent  of  the  cases  that  showed  hypersensitiveness 
to  foreign  proteins,  but  in  only  10.5  per  cent  of  the  instances  that  were 
not  demonstrably  hypersensitive.  Walker  has  likewise  emphasized 
the  familial  tendency  to  hypersensitiveness  in  asthijiatics.  Striking 
examples  of  familial  idiosyncrasies  have  been  reported  by  Talbot,  while 
Laroche,  Richet  and  St.  Girons  (71)  have  reported  a  family  in  which 
an  idiosyncrasy  to  eggs  ran  through  four  generations  and  occurred 
usually  in  the  male  members.  Adkinson's  (72)  very  careful  analysis 
of  the  factors  of  inheritance  in  400  cases  of  asthma,  studied  by  Walker, 
brings  out  many  important  points.  It  was  found  that  48  per  cent  of  the 
cases  gave  a  histor>^  of  the  occurrence  of  asthma  among  other  members 
of  the  family.  In  the  group  of  191  of  these  patients  that  were  found 
sensitive  to  protein,  52  per  cent  gave  a  history  of  asthma  in  the  family, 
while  in  the  non-sensitive  group  41  per  cent  knew  of  the  occurrence  of 
asthma  or  hay  fever  in  the  family.  It  was  further  found  that  many 
of  the  asthmatic  families  contained  both  sensitive  and  non-sensitive 
individuals,  though  sometimes  sensitization  ran  definitely  in  families. 
In  the  instances  of  familial  sensitization,  the  sensitization  was  not  iden- 
tical as  regards  the  specific  proteins  or  the  clinical  symptoms  in  different 
members  of  the  same  family.  Adkinson  concludes  that  the  tendency 
to  asthma  acts  as  a  true  inherited  trait,  and  may  be  transmitted  as  a 
dominant  or  as  a  recessive  characteristic.  In  the  extreme  dominant, 
where  both  parents  have  asthma  or  hay  fever,  all  the  children  tend  to 
develop  the  condition,  whereas  in  the  extreme  recessive,  when  both 
parents  are  normal  but  one  is  simplex,  half  the  children  would  be  sim- 
plex and  bear  the  asthmatic  characteristic  recessive  in  their  germ  plasm. 
The  results  of  all  these  studies  and  observations  seem  to  establish  the 
fact  with  considerable  assurance  that  a  condition  of  the  tissues,  at  least, 
may  be  inherited  that  renders  the  individual  highly  prone  to  the  devel- 
opment of  hypersensitiveness.  The  idiosyncracies  themselves  may 
differ  in  the  different  members  of  the  same  family  and  may  assume  quite 
different  forms  of  expression.  Occasionally,  all  members  of  the  family 
may  have  hay  fever,  but  in  some  it  may  be  caused  by  ragweed  and  in 
others  by  timothy.  On  the  other  hand,  one  member  may  have  hay 
fever,  another  horse  asthma,  and  a  third  egg  eczema  and  urticara. 

The  age  incidence  of  the  condition  of  natural  hypersensitiveness 
has  been  a  subject  of  considerable  study.     Most  obsei-vers  have  pointed 
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out  the  fact  that  it  is  during  the  first  few  decades  of  life  that  the  mani- 
festations of  the  spontaneous  hypersensitiveness  usually  occur,  and  that 
it  is  likewise  during  this  period  that  the  tissues  react  most  violently 
to  the  application  of  the  protein  or  foreign  substance  to  which  they 
may  be  hypersensitive.  Walker  was  rarely  able  to  detect  specific 
hjTDersensitiveness  in  asthmatics  over  the  age  of  50  and  finds  that  the 
detection  of  hypersensitiveness  is  most  readily  accomplished  in  the 
first  and  second  decade.  Rackemann  (73)  emphasizes  the  same  fact 
and  Latham  and  Coke  (74)  state  that  the  onset  of  symptoms  of  sensi- 
tization in  the  270  cases  of  asthma  that  they  studied  was  rarely  after  the 
^e  of  30.  Coca  (75)  has  compared  the  age  incidence  of  serum  disease 
and  of  dermatitis  venanata  with  that  of  the  natural  allergies.  From 
observations  and  theoretical  calculations  he  concludes  that  11.6  per 
cent  of  the  potentially  susceptible  individuals  present  symptoms  by 
the  fifth  year;  27.8  per  cent  present  symptoms  by  the  tenth  year; 
43  per  cent  by  the  fifteenth  year,  and  that  by  the  forty-fifth  year 
practically  100  per  cent  of  the  hypersensitive  individuals  have  mani- 
fested this  state  by  some  symptom.  On  the  other  hand  the  age 
incidence  of  dermatitis  venanata  increases  greatly  from  childhood  to 
adult  life  at  which  time  it  reaches  a  high  figure  affecting  90  per  cent. 
The  susceptibility  to  serum  disease  is  quite  different  from  either  of 
these,  for  according  to  Coca's  statistics  all  ages  are  equally  affected  and 
the  incidence  shows  practically  no  variation  in  the  different  age  groups. 

Another  characteristic  of  the  individual  who  shows  these  idiosyn- 
crai^ies  is  that  his  tissues  are  likely  to  react  to  more  than  one  substance, 
and  as  a  rule  about  one-half  of  the  patients  show  what  has  been  tenned 
multiple  sensitization.  (Cooke  and  Vanderveer,  Walker,  Caulficld, 
Longcopt',  J{ackemaiin.)  The  variety  of  material  which  calls  fortli 
these  reactions  and  which  is  known  to  produce  the  symptoms  in  many 
of  these  hyix'rsensitive  individuals,  is  veiy  great  and  is  not  confin(><l  to 
to  the  proteins  them.selvcs  or  to  those  substances  i)roducing  antibodies 
when  inject<'d  into  animals.  Not  only  are  reactions  obtained  to  pro- 
tein containing  substances  but  symptoms  nuiy  also  he  i)r()(lu('('(l  and 
skin  reactions  obtained  from  the  use  of  a  variety  of  drugs  and  chemicals. 
Since  thew?  latter  MtibstanceH  contain  no  protein,  as  far  as  one  can  deter- 
mine, it  is  diflirult  to  cxpljiin  their  action  upon  the  same  hypothesis 
aM  that  UH4ul  to  elucidate  the  anaphylactic  reaction  in  animals. 

Though  multiple  sciiHitizationH  are  connnon  in  the  idiosyncrasies  and 
occur  in  50  imt  cent,  the  groiips  of  substances  to  which  the  jmtients 
arc  scnjiitive  are  not  always  of  one  iy\ic,  and  though  certfiiii  iinlividuals 
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may  react  to  several  varieties  of  plant  pollen  (52)  and  others  to  the 
protein  of  eggs  or  to  the  extract  of  vegetables  only,  this  is  by  no  means 
uniform,  and  frequently  individuals  are  encountered  who  may  react  not 
only  to  pollens  but  to  the  extract  of  animal  dust  and  to  egg  albumen 
(54),  (57),  (53),  (100),  (58).  Also,  in  spite  of  these  multiple  reactions, 
there  seems  often  to  be  a  specific  selection  among  different  proteins 
which  go  to  make  up  a  complex  substance  such  as  egg  white,  cereal 
seeds  or  animal  hairs.  The  patient  may  show  a  typical  reaction  with 
ovomucin,  but  none  to  conalbumin  (Schloss),  a  typical  reaction  to  wheat 
proteose,  but  none  to  wheat  gliadin  or  leucosin;  to  horse  dander,  but 
not  to  horse  serum;  or  to  the  peptone  of  dog  hair,  but  not  to  the  alkali 
metaprotein  of  dog  hair,  or  vice  versa  (Walker).  It  is  difficult  there- 
fore to  understand  this  multiple  sensitization  on  the  basis  of  a  group 
reaction  or  upon  the  basis  of  non-specific  sensitization. 

It  is  interesting,  too,  to  note  that  the  presence  of  circulating  anti- 
bodies in  these  naturally  hypersensitive  individuals  is  extremely  rare. 
Isolated  reports  are  on  record  of  specific  precipitation,  of  comple- 
ment fixing  antibodies  and  of  passive  transfer  of  sensitiveness  to  guinea 
pigs  with  the  serum  of  individuals  who  show  idiosyncrasy  to  such 
varied  antigens  as  pollen,  egg  white  and  the  extract  of  horse  dander  (76), 
(77),  (59),  (78),  (79);  but  many  observers  have  failed  consistently 
to  obtain  such  results  (80),  (81).  One  instance  has  been  reported  by 
Ramirez  (82)  of  possible  transfer  of  hypersensitiveness  to  horse  dander 
by  transfusion  of  blood  from  one  human  being  to  another,  and  if  this, 
by  accident,  should  be  repeated,  it  would  have  important  bearmg  on 
this  entire  subject. 

From  the  data  that  have  accumulated  one  must  conclude  that 
natural  idiosyncrasies  for  allergies  which  occur  toward  various  proteins 
and  even  non-protein  substances,  such  as  drugs,  differ  in  many  respects 
from  anaphylaxis  in  animals  and  indeed  from  the  artificial  sensitization 
in  man,  the  proteotype  of  which  is  serum  disease,  so  that  one  cannot 
at  the  present  time  be  sure  that  this  group  of  individuals  who  so  fre- 
quently suffer  from  hay  fever,  asthma,  eczema  and  urticaria  ought  to 
be  considered  in  the  same  category  as  animals  sensitized  to  foreign 
proteins.  On  the  other  hand,  there  are  many  similarities  as  Dale  (83) 
has  recently  pointed  out,  and  if  one  assumed  that  the  cells  of  these 
individuals  for  some  reason  attained  a  very  high  degree  of  sensitiveness 
sometimes  to  one,  sometimes  to  several  antigens,  the  fundamental 
condition  existing  in  these  hypersensitive  individuals  would  be  analogous 
or  almost  exactly  the  same  as  that  which  is  observed  in  the  sensitized 
guinea  pig. 
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Like  the  specifically  sensitized  animal,  these  individuals  may  also 
be  desensitized.  The  early  attempts  of  Noon  (84),  Freeman  (85)  and 
Clowes  (86)  to  render  patients  with  hay  fever  refractory  to  inhalation 
of  the  specific  pollen  to  which  they  were  sensitive  was  soon  repeated 
by  Goodale  (87),  Koessler  and  Cooke  (88),  and  have  been  greatly  ex- 
tended and  amplified  especially  by  Cooke  and  Vanderveer,  Walker, 
Rackemann  and  others.  These  workers  have  established  the  fact 
that  a  certain  proportion  of  patients  may  be  relieved  of  their  sjonptoms 
partially  or  entirely  by  injecting  subcutaneoiisly  minute  quantities  of 
extracts  of  the  pollens,  to  which  they  are  hypersensitive,  in  increasing 
doses  at  5  to  7  day  intervals.  To  be  effective,  the  injections  must  be 
started  several  months  before  contact  is  likely  to  occur  with  the  specific 
pollen,  and  must  be  continued  for  weeks  or  months.  Vanderveer  (89), 
reporting  on  2000  cases  of  hay  fever,  states  that  25  per  cent  of  cases 
are  entirely  relieved  of  symptoms,  50  per  cent  of  patients  are  made 
comfortable,  15  per  cent  are  slightly  relieved  and  10  per  cent  are  not 
helped.  Somewhat  similar  results  have  been  obtained  by  Walker  (90) 
and  by  Rackemann  (91).  Though  the  proportion  of  oases  of  asthma 
sensitive  to  animal  dust,  pollens  and  foodstuffs  that  may  be  relieved 
by  this  method  of  treatment  is  somewhat  smaller,  still  a  certain  number 
show  hnprovement  of  symptoms  following  this  method  of  treatment  (92). 
Not  only  may  this  hypersensitiveness  be  reduced  by  subcutaneous 
injections,  but  it  may  also  be  brought  about  by  local  application  of  the 
specific  substance  to  mucous  surfaces;  for  Schloss  (93)  showed  that  a 
child,  who  was  highly  sensitive  to  the  nigostion  of  egg  white,  could  be 
rendered  refractory  by  feeding  him  small  quantities  of  ovomucoid  in 
capsules.  The  dose  was  gradually  increased  so  that  at  the  end  of  2^ 
months  the  child  was  able  to  eat  eggs  without  sjinptoms.  This  obser- 
vation, confinned  by  Talbot  (94),  has  been  employed  repeatedly  with 
succoHH  not  only  with  eggs  but  with  milk  and  other  food  substances 
(95),  (96),  (97).  It  is  not  only  in  the  cases  of  alimentary  sensitiveness 
that  application  to  the  mucous  surfac^e  of  the  s|iecific  substance  causing 
the  reaction  brings  about  desensitization,  for  it  .seems  i)robable  that 
certain  Umnn  of  hypersensitiveness  of  the  respiratory  tract  may  be 
n-licved  by  the  direct  application  of  the  specific  antigen  to  the  Tiasal  nui- 
roHft,  The  oxporimentH  of  Sewall  (98)  showfvl  t  hat  the  local  ap]>lica- 
tion  of  home  Mcrum  to  the  nasal  mucosa  of  guinea  pigs  inuy  scn.sitize 
the  ii^inea  pig  both  locally  and  generally,  and  that  rejx^att'd  nasal 
inJitallationH  of  mnall  aniountH  of  horse  serum  wotild  Hoinctiincs  result 
in  desensitizHtioii   of  tiie  nasal  mucosa  without  uupuinnent  of  the 
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general  sensitiveness.  Similar  observations  have  been  made  by  Ulrich 
who  employed  in  his  experiments  pollen  extract  and  pollen  dust.  Mac- 
kenzie and  Baldwin  (99)  have  employed  a  somewhat  similar  procedure 
in  an  attempt  to  desensitize  patients  with  hay  fever  by  local  applica- 
tion to  the  nasal  mucosa  of  pollen  extract.  They  find  that  the  reactivity 
of  the  nasal  mucosa  may  be  markedly  diminished  by  spraying  the  nose 
and  throat  with  the  specific  pollen  antigen,  and  that  the  results  compare 
favorably  with  those  obtained  by  giving  repeated  subcutaneous  injec- 
tions of  the  pollen  antigen.  Caulfield  (100)  is  inclined  to  uphold 
this  view.  The  most  satisfactory  evidence  that  the  repeated  local 
application  to  a  tissue  of  an  antigen  results  in  diminished  reactivity  of 
this  tissue  is  to  be  found  in  some  experiments  of  Mackenzie  and  Bald- 
win (101).  They  were  able  to  render  a  local  area  of  the  skin,  which 
was  hypersensitive  to  different  antigens,  insensitive  to  these  antigens 
by  applying,  at  short  intervals,  solutions  of  the  antigen  to  a  given  area; 
while  the  skin  only  a  short  distance  from  this  selected  spot  retained  its 
original  hypersensitiveness.  This  local  exhaustion  of  the  reaction  was 
found  by  them  to  be  specific  but  of  short  duration,  lasting  only  24  to  48 
hours,  Cooke  (102)  in  repeating  these  experiments  points  out  that  the 
local  exhaustion  of  the  reaction  is  only  relative,  and  that  when  the  area 
no  longer  responds  to  a  high  dilution  of  antigen  it  may  still  react  to  a 
stronger  dilution.  In  his  experiments  the  exhaustion  was  not  absolutely 
specific. 

The  materials,  such  as  foods,  pollens  and  animal  emanations  to  which 
patients  may  be  hypersensitive  usually  contain  protein,  and  can  there- 
fore be  considered  as  true  antigen;  but  hypersensitiveness  is  often 
observed  to  chemicals  and  drugs  that  obviously  are  not  protein  in 
nature,  and,  therefore,  cannot  be  considered  antigens  in  the  ordinary 
sense  of  the  word.  In  spite  of  this  fact  patients  hypersensitive  to 
drugs  may  respond  with  cutaneous  reactions  and  general  immediate 
symptoms  from  the  local  application  or  ingestion  of  drugs  as  they  do 
to  pure  proteins  (103).  Such  patients  are  likewise  susceptible  to 
desensitization  and  may  be  made  refractory  to  quinine  (104),  (105), 
(106),  to  antipyrine  (107),  as  well  as  to  the  other  chemical  substances 
by  repeated  doses  of  minute  quantities  of  the  specific  drug  to  which 
they  are  hypersensitive. 

There  is  abundance  of  proof,  therefore,  to  show  that  individuals  who 
are  spontaneously  hypersensitive  to  such  varied  substances  as  pollens, 
animal  emanations,  foods  and  chemicals  such  as  alkaloids  and  crystal- 
loids may,  by  various  methods  of  application  of  the  specific  substance, 
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be  rendered  partially  or  almost  completely  insensitive  to  fairly  large 
doses  of  the  material  which,  before  treatment,  would  have  caused 
definite  or  violent  sjmptoms.  The  relative  degree  to  which  this  state 
of  desensitization  may  be  carried  is  illustrated  by  records  of  a  case 
published  by  Alexander  (108).  This  patient,  an  asthmatic,  suffering 
with  pneumonia  was  found  to  be  spontaneously  hypersensitive  to  horse 
serum  and  to  extracts  of  horse  hair.  By  fractional  dosage  such  large 
quantities  of  antipneumococcus  horse  serum  as  65  cc.  could  be  adminis- 
tered intravenously  without  producing  more  than  mild  symptoms  of 
asthma.  Although  this  patient  was  rendered  refractory  to  large  doses 
of  horse  serum,  the  records  show  that  there  was  not  complete  abolition 
of  the  hypersensitive  state,  and  Cooke  (109)  from  his  wide  experience 
concludes  that  it  is  practically  impossible  to  render  a  patient  who  is 
spontaneously  hypersensitive  to  a  given  substance  completely  re- 
fractory to  very  large  doses  of  this  material.  To  uphold  this  view  is 
the  fact  that  patients  undergoing  desensitization  may  frequently 
react  with  considerable  violence  to  injections  of  the  antigen  when  the 
doses  are  increased  too  rapidly.  Indeed  all  who  have  employed  this 
method  have  warned  against  these  reactions  (110),  and  Vanderveer 
states  that  in  1  to  2  per  cent  of  his  eases  severe  reactions  occurred  during 
the  process  of  desensitization. 

The  desensitization  or  hyposensitiveness  is  only  of  temporary  dura- 
tion. In  the  local  skin  desensitization  obtained  by  Mackenzie  and 
Baldwin  it  lasted  but  a  few  days.  In  the  case  of  antipyrine  sensitive- 
ness reported  by  Widal  and  Vallery-lladot,  the  sensitiveness  was 
greatly  reduced  by  administering  repeatedly  small  doses  of  the  drug, 
but  recurred  43  days  after  the  last  desensitizing  dose.  It  is  W(>11  known 
that  the  relief  which  hay  fever  patients  obtain,  after  a  series  of  iiioculn- 
tions,  rarely  lasts  for  more  than  one  season  (Cooke,  Vanderveer,  Walker). 
It  is  usually  easier  to  accomplish  desensitization  the  second  year  than 
it  is  the  first. 

Since  the  mechanism  of  the  sensitization  or  the  allergy  in  the  spon- 
taneou.sly  hyiK'rsenHitive  iTjdividuals  is  not  dearly  understood,  it  has 
been  found  difficult  to  explain  tlu;  process  of  desensitization.  It  seems 
clear  that  the  desensitization  may  be  highly  specialized  and  that 
(lescnMitization  may  Ijc  as  HtM'cific  as  it  is  in  the  amiphylact  ic  giiiniMi  pig. 

The  Ntatc  of  desensitization  is  not  known  to  be  accompanied  Ijy  the 
presence  of  specific  antilx)dic8  in  the  circulation  (Cooke,  I'loyd,  Coca 
and  iiackemann).  But  thi.s  problem  has  hwn  somowlml  opened 
•gain  by  the  ubMorvutionH  of  Wood  (111),  who  found  thid  during  (l(>.son- 
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sitization  both  of  dogs  and  of  patients  hypersensitive  to  the  choroidal 
pigment  of  the  eye,  specific  complement  fixing  antibodies  appear  in  the 
circulation.  The  sensitization  to  pigment  which  occurs  in  these  patients 
may  be  more  nearly  like  the  artificial  sensitization  to  injections  of  horse 
serum  than  it  is  to  the  spontaneous  hypersensitiveness  of  asthma  and 
hay  fever,  and  it  would  therefore  be  improper  to  draw  conclusions  from 
Wood's  experiments  that  could  be  applied  to  the  latter  group  of  cases. 

Coca,  Floyd  and  Cooke  (112)  drew  the  conclusion  from  their  experi- 
ments, devised  to  produce  anaphylaxis  in  guinea  pigs  with  extracts  of 
ragweed  pollens  and  of  horse  epithelium,  that  the  phenomenon  of 
desensitization  in  the  hay  fever  patient  is  dependent  upon  an  antigen- 
antibody  reaction  and  that  it  is  essentially  the  same  as  the  desensitiza- 
tion of  the  guinea  pig  anaphylactic  to  horse  serum.  Later,  however, 
Coca  dismissed  this  view  as  lacking  in  proof.  Though  proof  of  an 
antigen-antibody  reaction  is  difficult  to  establish,  there  are  many  anal- 
ogies between  the  phenomenon  of  desensitization  in  the  specifically 
sensitized  guinea  pig  and  the  naturally  sensitive  hay  fever  or  asthmatic 
patient,  and  it  does  not  seem  unreasonable  to  suppose,  as  some  ob- 
servers have,  that  during  the  period  of  desensitization  a  reaction  takes 
place  between  the  antigen  and  some  form  of  antibody  in  the  cell,  during 
which  process  the  antibody  in  the  cell  is  reduced  in  amount  or  partially 
exliausted.  As  the  exhaustion  becomes  greater,  larger  and  larger 
amounts  of  antibody  are  required  to  call  forth  a  reaction.  When,  by 
cessation  of  the  injections,  antigen  is  no  longer  furnished,  the  reacting 
substance  in  the  cells  returns,  as  it  does  in  the  anaphylactic  guinea  pig, 
and  hypersensitiveness  is  reestablished. 

Non-specific  desensitization.  There  are  other  theories,  however, 
that  have  been  presented  more  recently  and  which  are  based  upon  the 
conception  that  desensitization  may  be  brought  about  by  non-specific  as 
well  as  by  specific  measures.  It  was  originally  shown  by  Besredka 
that  the  symptoms  of  anaphylactic  shock  in  the  guinea  pig  might  be 
suppressed  or  reduced  by  narcotics.  Ether,  chloral,  chloroform, 
alcohol  and  ethyl  chloride  were  all  more  or  less  effective  in  diminishing 
the  symptoms  of  shock  or  preventing  the  death  of  the  animal;  and  he 
supposed  the  result  was  dependent  upon  a  lowering  of  the  sensibility 
of  the  animal  to  the  effects  of  the  anaphylactic  shock.  Friedberger 
and  Hartoch  (113)  demonstrated  that  a  dose  of  0.1  to  0.3  gram  of 
sodium  chloride,  given  immediately  before  the  shocking  dose  of  protein, 
will  protect  sensitized  guinea  pigs  against  a  full  lethal  dose  of  the  specific 
protein.     C.  Richet,  Brodin  and  F.  Saint-Girons  (114),  from  their  experi- 
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ments  upon  the  action  of  sodium  chloride  in  suppressing  anaphylactic 
shock  in  dogs,  conclude  that  it  is  due  to  a  saturation  of  the  cells  of  the 
body  by  sodium  chloride  which  makes  them  impermeable  to  the  hypo- 
thetical poison  produced  during  anaphylactic  shock.  More  direct 
e\adence  to  explain  the  protective  action  of  sodium  chloride  has  been 
brought  forward  by  Dale  and  confirmed  through  some  experiments  with 
proteotoxins  by  Zinsser,  Lieb  and  Dwyer  (115).  These  experiments 
showed  that  the  addition  of  sodium  chloride  to  the  solution  in  which 
the  uterus  from  a  sensitized  guinea  pig  is  suspended,  rendered  the  muscle 
refractor>%  and  prevented  the  contractions  that  usually  occur  upon  the 
addition  of  the  specific  protein  to  which  the  animal  is  sensitized.  It 
seems  probable  that  the  inhibition  of  the  reaction  under  these  circum- 
stances is  due  to  the  lessened  irritability  of  the  muscle  cells. 

It  has  further  been  observed  that  many  chemicals  when  injected 
immediately  before  the  intoxicating  dose  of  specific  protein  will  abolish 
or  reduce  the  sjinptoms  of  anaphylactic  shock  in  guinea  pigs  and  dogs. 
Biedl  and  Kraus  (IIG)  observed  such  an  effect  with  barium  chloride, 
Lumidre  and  Chevrotier  (117)  with  sodium  sulphate,  Brodin  and 
Huchet  (118)  with  a  combination  of  formaldehyde  and  hydrosulphite 
of  sodium,  Kopaczewski  (119)  with  cocaine,  saponin,  soaps,  biliary 
salts,  alkaline  carbonates,  saccharose  and  glycerine;  Van  Oeertryden, 
Bernard  and  Zunz  (120)  with  hirudin,  and  Archard  and  Flandin  (121) 
and  Duprey  (122)  with  injections  of  lecithin. 

A  possible  explanation  for  the  protective  action  of  some  of  these 
alkaline  salts,  which  has  also  been  obsers-^ed  by  Sicard  and  Paraf  (123) 
and  which,  in  the  form  of  intravenous  injections  of  sodium  carbonate, 
has  been  employed  by  them  aa  well  as  by  Widal,  Abrami  and  Brissaud 
in  the  treatment  of  scnim  disease,  may  be  found  in  some  experiments 
by  E^ggstein  (124),  who  discovered,  that,  during  anajjhylaxis  in  dogs, 
there  occurs  a  reduction  in  the  carbon  dioxide  capacity  of  the  serum 
which  appears  at  the  first  symptom  and  falls  progressively  during  shock, 
often  reaching  as  low  a  figure  as  25  volumes  pvr  cent.  If  recovery  occurs 
the  carbon  dioxide  capacity  of  the  senim  returns  to  nonnal  within 
6  hourK.  Though  (lennan  (125)  was  not  able  to  confinn  these  obscMva- 
tioHH  (luring  anaphylactic  shock  in  rabbits,  Ilirsch  and  Williams  (120) 
have  noted  a  considerable  decrease  in  the  COj  combining  power  of  the 
plasma  during  anaphylactic  shock;  and,  by  the  gas  chain  method,  have 
found  a  change  in  the  pll  of  th(>  blood  to  the  acid  side  which  was  notuhle 
in  lOOie  instanoes  and  showed  a  rethidion  that  was  as  gr(>at  as  from  7.8 
to  6^.    These  observations,  though  somewhat  conflicting,  would  indi- 
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cate  that  a  pronounced  acidemia  develops  during  anaphylactic  shock, 
and  that  the  administration  of  alkaline  salts  at  this  time  is  followed  by 
some  amelioration  of  the  symptoms.  It  seems  improbable,  however, 
that  the  acidosis  can  be  looked  upon  as  anything  more  than  a  symptom, 
and  a  sequel  to  more  profound  alterations  that  take  place  in  the  cells 
and  tissues  of  the  body.  Other  chemical  changes  may  occur  in  the 
serum  at  the  same  time  for  Stem  and  Reiss  (127)  state  that  the  blood 
lipoids  and  neutral  fats  of  the  serum  decrease  during  anaphylactic 
shock  in  dogs. 

It  has  been  generally  assumed  by  many  that  the  action  of  most  of 
the  chemicals,  which,  so  to  speak,  are  non-specific  in  their  action  and 
purely  transitory  in  their  effect,  is  directed  toward  the  relief  of  symptoms 
or  toward  rendering  the  tissues  of  the  body  more  resistant  to  the  effects 
of  the  hypothetical  toxin  produced.  They  protect  the  animal  or 
individual  in  much  the  same  way  as  do  adrenalin  and  atropin.  More 
recently,  Kopaczewski  (128)  has  advanced  the  view,  that  many  of  these 
chemicals  have,  in  common,  an  effect  which,  he  believes,  is  of  fundamental 
importance  in  preventing  anaphylactic  shock.  In  studying  the  pro- 
duction of  anaphylatoxin,  Kopaczewski  (129)  found  that  the  toxin  could 
be  produced  from  blood  serum  by  the  rapid  contact  with  gels  at  0°C. 
He  concluded  that  the  fonnation  of  this  substance  could  not  be  depend- 
ent upon  ferment  action.  Observing  that  a  conglomeration  of  particles 
occurred  in  the  serum  during  the  formation  of  anaphylatoxin,  he  con- 
ceived the  idea  that  the  transformation  of  a  bland  serum  into  a  toxic 
serum  was  caused  by  this  fiocculation.  The  flocculation  of  colloids  is 
attended  by  certain  physical  changes  in  the  semm  which  he  considers 
to  be  of  much  importance.  These  changes  consist  in  a  lowering  of  the 
surface  tension  and  increase  in  viscosity  of  the  blood.  Upon  the  basis 
of  these  experiments  he  has  constructed  an  hypothesis  to  explain  the 
production  of  anaphylatoxin  shock  and  anaphylactic  shock,  as  well  as 
of  desensitization.  In  this,,  he  assumes  that,  during  shock,  there  is  a 
rupture  of  the  colloidal  equilibrium  that  is  expressed  by  flocculation  of 
particles.  He  finds  that  chemicals,  which  prevent  the  lowering  of 
surface  tension  of  serum,  inhibit  the  formation  of  anaphylatoxin  in 
vitro,  and  possess  some  power  to  inhibit  the  symptoms  of  anaphyla- 
toxin shock  or  anaphylactic  shock  in  vivo.  Though  saponin  and  the 
soaps  are  particularly  effective  in  this  respect,  he  believes  that  most  of 
the  chemicals,  that  exhibit  an  ameliorative  action  in  anaphylactic 
shock,  owe  theii'  power  to  this  particular  property. 
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Since  the  hypothesis  rests  upon  the  detection  of  certain  physical 
changes  in  the  serum,  rendered  anaphylatoxic  in  vitro,  it  is  important 
that  these  observations  should  be  repeated.  Zunz  and  LaBarre  (130) 
state  that  they  have  observed  the  same  changes  in  the  surface  tension 
and  viscosity  of  the  serum  during  anaphylatoxin  formation;  but  Dale 
and  Kelloway  (131)  have  been  unable  to  detect,  by  accurate  methods. 
any  change  in  the  surface  tension  or  viscosity  of  blood  serum  rendered 
toxic  by  incubation  with  starch. 

Though  questioning  the  details  of  some  of  Kopaczewski's  work,  many 
of  the  recent  I^rench  writers  are  inclined  to  conceive  of  a  physical  change 
as  the  essential  feature  of  anaphylactic  shock.  Widal,  Abrami  and 
Vallerj'-Radot  (132)  have  adopted  the  view  that  the  symptoms  do  not 
depend  upon  the  production  of  a  poison  but  arise  from  physico-chemical 
changes  in  the  equilibrium  of  the  body  fluids  and  cells.  They  believe 
that  in  anaphylatoxin  shock  the  rupture  of  the  colloidal  equilibrium  or 
"colloidoclasie,"  as  they  tenn  it.  takes  place  in  the  blood  serum,  while 
in  specific  anaphylactic  shock  it  proceeds  within  the  body  cells.  They 
take  exception  to  many  of  Kopaczewski's  ideas  but  agree  in  considering 
that  the  process  is  not  fundamental^  specific  in  nature,  and  advance 
the  view  that  any  substance  that  brings  about  the  rupture  of  colloidal 
equilibrium,  to  a  slight  extent  or  by  slow  degrees,  will  prevent  the 
explosive  rupture  which  induces  the  condition  of  acute  anaphylaxis. 
They  do  not  seem  to  make  any  differentiation  between  the  specific 
desensitization,  as  developed  by  Besrodka,  and  the  non-specific  inhibi- 
tion of  anaphylactic  shock,  and  conclude  that  the  mechanism  in  both 
is  the  same. 

A  practical  application  of  this  hypothesis  is  to  be  found  in  the  work 
of  Pagniez  and  Vallery-Radot  (133)  who  advocate  the  administration 
of  peptone  in  capsules  by  mouth  to  prevent  the  urticaria  or  otlu^r  s>nup- 
toms  caused  by  eating  foods  to  which  the  individual  is  hypersensitive. 

A  type  of  non-.specific  desensitization  brought  al)out  by  the  use  of 
orKanic  comiM)tindH  was  first  descrilxjd  by  Biedl  and  Kraus  (134)  who 
stated  that  unimais,  sensitized  to  a  specific  serum,  could  be  desensitized 
with  heterologous  substances  such  as  peptones.  B(^sr(>dka,  Strobol 
and  Jupille  (135)  were  unable  to  confinu  this  particular  ol)servation  in 
guinea  pigs,  and  BoHnuika  (130)  more  recently,  in  attempting  to  dilTereii- 
tiiitc  anaphylatoxin  shock  from  anai)hylactic  shock,  found  that  sonsit  ized 
guinea  pigs,  renderccl  immune  to  the  injection  of  HUS])(>nsions  of  agar 
as  descrilx'd  by  Ik)r(lot  (137),  showed  no  reduction  in  their  sensitiveness 
to  the  «f)ecific  prot<fin. 
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The  literature,  however,  contains  many  observations  that  uphold, 
in  a  geijeral  way,  the  observation  of  Beidl  and  Kraiis,  and  that  indicate 
that  the  intravenous  injection  of  heterologous  proteins  in  animals, 
specifically  sensitized,  diminishes  the  sensitiveness  to  injections  of  the 
specific  antigen.  Experiments  upon  the  specific  desensitization  of 
animals  treated  with  two  or  more  separate  proteins,  has  brought  out  the 
fact  that  desensitization  to  one  protein  may  render  the  animal  somewhat 
less  sensitive  to  the  second.  Bessau  (138)  sensitized  guinea  pigs  to  two 
different  antigens  and  after  producing  shock  by  the  reinjection  of  one 
antigen  tested  the  sensitiveness  of  the  guinea  pig  to  reinjection  of  the 
second.  He  found  that  the  sensitiveness  of  the  guinea  pig  was  mate- 
rially reduced,  under  these  circumstances,  to  the  second  antigen,  as 
measured  by  the  controls;  and  that  this  partial  desensitization  increased 
with  the  severity  of  the  shock  caused  by  injection  of  the  first  antigen. 
In  later  experiments  (139)  he  measured  more  accurately  the  effects  of  the 
shock  induced  by  the  first  protein  in  desensitizing  towards  the  second 
and  found  that  the  period  of  desensitization  persisted  for  14  days. 
Friedberger,  Szymanowski,  Kumagai  and  Odaiva  (140),  who  studied 
this  prol)lem  extensively,  concluded  that  though  specific  desensitization, 
under  the  above  conditions,  can  be  carried  out  to  relatively  high  degrees 
it  is  not  absolute.  Dale  and  Hartley  (155)  have  observed  that  the 
uterus  of  a  guinea  pig  sensitized  to  two  different  antigens  reacts,  in  vitro, 
more  violently  upon  the  addition  of  the  first  antigen  than  upon  the 
addition  of  the  second;  and  though  reactions  are  obtained,  which  are 
to  a  high  degree  specific,  the  primary  contraction  of  the  uterus  does 
effect  to  a  certain  extent  the  reaction  of  the  uterus  to  the  second  antigen, 
so  that  in  many  instances  the  maximum  effect  is  not  obtained.  Marsini, 
(141)  using  the  intestinal  strip  of  the  guinea  pig  to  detect  desensitiza- 
tion in  guinea  pigs  sensitized  to  two  antigens,  came  to  the  conclusion 
that  there  was  both  a  specific  and  an  aspecific  "antianaphylaxis." 
Brack  (142)  has  recently  reinvestigated  this  problem.  He  sensitized 
guinea  pigs  with  rather  large  doses  of  three  antigens,  sheep  serum,  horse 
serum  and  human  serum;  and  employed  the  intestinal  muscle  strip 
to  measure  the  degree  of  sensitization.  He  found  that  application  of 
one  antigen,  which  produced  a  maximum  contraction  of  the  muscle, 
rendered  the  muscle  much  less  sensitive  than  the  control  to  application 
of  the  second  antigen ;  while  the  muscle  which  had  contracted  upon  the 
application  of  two  different  antigens  responded  very  feebly  to  the  third. 
He  suggests  that  the  phenomenon  may  depend  somewhat  upon  a 
diminished  reactivity  of  the  smooth  muscle  to  any  form  of  stimulation. 
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But  this  cannot  explain  the  phenomenon  entirely,  for  in  other  experi- 
ments a  similar,  though  not  quite  so  marked,  reduction  in  sensitiveness 
to  application  of  the  second  protein  could  be  obtained  by  repeated 
additions  of  small  quantities  of  the  first  antigen,  insufficient  to  cause 
contractions,  but  in  aggregate,  enough  to  bring  about  complete  desensiti- 
zation  to  the  first  protein.  It  seems  impossible  to  avoid  the  conclusion 
that  in  animals  sensitized  to  two  proteins,  anaphylactic  shock  to  one 
reduces  temporarily  the  sensitiveness  to  the  second. 

The  same  effect  as  that  not^d  in  experiments  upon  double  sensitiza- 
tion and  desensitization  may,  indeed,  be  obtained  by  the  injection  of 
large  doses  of  heterologous  proteins,  for  Pfeiffer  and  Mita  (143)  were 
able  to  protect  guinea  pigs,  sensitized  to  horse  serum,  against  a  lethal 
dose  of  this  antigen  hj'  a  previous  injection  of  beef  serum.  Beef  serum 
seems  to  l)e  much  less  likely  than  horse  serum  to  cause  serum  disease 
in  human  beings.  This  has  been  pointed  out  by  Kraus,  Cuenca  and 
Sordelli  (144)  and  it  has  therefore  been  advocated  by  Kraus  (145) 
that  cattle  be  used  for  the  preparation  of  antitoxic  sera.  Calvary  (146) 
states  that  some  of  the  effects  of  specific  anaphylactic  shock  in  dogs, 
such  as  the  increased  flow  of  lymph  and  the  drop  in  blood  pressure,  can 
be  inhibited  by  an  injection  of  beef  serum  made  previous  to  the  injection 
of  specific  antigen.  Benjamin  and  Witzinger  (147)  observed  quite 
definitely  th^  partial  inhibition,  by  injections  of  heterologous  sera, 
upon  anaphylactic  shock  following  the  injection  of  the  specific  antigen. 
Brack  records  similar  observations.  Karsner  and  Ecker  (148)  have 
recently  reviewed  the  entire  subject  of  non-specific  desensitization  by 
the  use  of  heterologous  sera  upon  anaphylactic  shock  following  the 
injection  of  the  specific  antigen.  Beef,  swine,  ox,  sheep,  rabbit  and 
human  sera  were  chosen  as  heterologous  sera.  Since  the  minimal 
lethal  (lose  of  horse  serum  was  not  detennined  in  their  experiments,  it 
was  difficult  or  impossible  to  measure  the  effectiveness  of  desensitiza- 
tion by  homologous  sera,  but  this  was  found  frequently  to  be  considerable. 
They  noted,  however,  that,  to  a  c(^rtain  extent,  desensitization  could  be 
accotnplishod  by  the  use  of  heterologous  sera;  and  that  the  most  effective 
way  of  inducing  the  nonnspecific  effect  was  through  intravenous  in- 
jection. Th(!  heterologous  desensitization  developed  with  as  great 
rapidity  as  the  homologous  desensitization  but  was  of  distinctly  shorter 
duration.  Dale  (149)  has  devotcnl  some  attention  to  this  pr()l)lem  of 
non-«peoifio  desensitizution  and  accepts  its  accomplishment  as  a  fact:. 
Kelloway  and  Cowell  (I'A))  have  coiifinnod  some  of  the  previous  ob- 
•ervations  upon  the  dosenHitizing  pro|K»rty  of  nnaphylatoxin  for  guinea 
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pigs  actively  sensitized  to  a  single  protein.  The  anaphylatoxic  serum 
which  they  employed  was  prepared  from  guinea  pig  serum,  and,  during 
the  experiments,  they  noted  the  interesting  fact  that  the  intravenous 
injection  of  normal  guinea  pig  serum  into  actively  sensitized  guinea  pigs, 
causes  a  definite  protection  against  the  specific  antigen  which,  however, 
is  of  short  duration.  By  employing  the  uterine  strip  preparation,  they 
could  show,  that  this  loss  and  subsequent  return  of  sensitiveness  of  the 
anaphylactic  animal,  ran  parallel  to,  and  could  be  explained  by  changes 
in  the  sensitiveness  of  the  smooth  muscle.  They  consider  that  these 
changes  are  due  to  physical  alterations  in  the  muscle  cells. 

Though  it  seems  quite  clear  from  many  of  the  foregoing  experiments 
that  the  active  sensitization  to  one  antigen  may  be  temporarily  reduced 
by  the  intravenous  injection  of  heterologous  proteins,  as  well  as  of  toxic 
substances  derived  from  proteins,  and,  though  it  is  evident  that  demon- 
strable intoxication  by  these  heterologous  proteins  and  anaphylatoxins, 
is  not  essential  for  the  partial  descnsitization,  the  exact  explanation 
of  this  non-specific  effect  is  still  obscure.  It  is  usually  spoken  of  as 
desensitization,  but  there  is  no  direct  evidence  to  show  that  these 
preliminaiy  injections  produce  an  effect  upon  the  specific  antibodies 
residing  in  the  body  cells. 

Doerr  has  pointed  out  the  fact  that  if  complex  antigens,  such  as  ani- 
mal sera,  are  employed  to  immunize  rabbits  for  the  production  of  pre- 
cipitating sera,  crossed  or  group  reactions  are  not  uncommonly  encoun- 
tered, especiallj^  when  the  animals  are  highly  immunized.  These 
group  reactions  are  more  frequent  when  the  sera  of  nearly  related  species 
are  used  in  the  tests.  Consequently,  when  complex  antigens  are  em- 
ployed for  double  sensitization  and  desensitization,  it  is  conceivable 
that  crossed  or  group  reactions  may  be  encountered,  and  that  during 
the  anaphylactic  shock,  caused  by  the  injection  of  one  antigen,  a  certain 
proportion  of  the  antibodies  to  the  second  antigen  may  be  neutralized 
or  destroyed.  These  group  reactions  are,  however,  almost  entirely 
eliminated  when  pure  antigens  are  employed  (151).  The  most  sug- 
gestive experiments  dealing  with  this  point  are  those  of  Kellaway  and 
Cowell.  They  observed  that  the  intravenous  injection  of  normal 
guinea  pig  serum  into  guinea  pigs,  immunized  against  horse  serum,  re- 
sulted in  an  immediate  and  marked  decrease  in  the  circulating  anti- 
bodies. This  resulted  in  an  enhanced  sensitiveness  to  injections  of 
the  specific  antigen  of  guinea  pigs  that  were  immunized,  were  known 
to  contain  a  high  titre  of  circulating  antibody,  and  that  could  be  shown, 
by  controls,  to  be  quite  refractory  to  injections  of  the  specific  antigen. 
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This  enhanced  sensitiveness  occurred  during  two  periods;  first,  shortly 
after  the  intravenous  injection  of  nonnal  guinea  pig  serum  and  secondly 
after  the  restoration  of  the  sensitiveness  of  the  plain  muscle,  but  before 
the  return  to  normal  of  the  demonstrable  circulating  antibody.  These 
experiments  are  highly  suggestive  of  a  direct  action  of  the  herterologous 
sermn  upon  the  specific  antibody. 

There  are,  however,  other  factors  of  unportance  that  must  be  con- 
sidered. These  have  to  do  with  certain  antagonistic  effects  that  have 
been  observed  between  two  foreign  proteins  when  they  are  injected 
simultaneously  or  in  rapid  succession.  The  early  experiments  of 
Benjamin  and  Witzinger  showed,  that  when  two  antigens  are  injected 
into  a  normal  animal  simultaneously  or  in  succession,  they  may  call 
forth  unequal  reactions  on  the  part,  of  the  body.  This  is  particularly 
true  when  one  antigen  is  in  excess  of  the  other.  They  showed  in  guinea 
pigs  that  when  an  injection  of  a  large  dose  of  horse  serum  was  followed, 
in  24  hours,  by  a  smaller  dose  of  beef  scrum,  sensitization  to  the  beef 
serum  is  inhibited  or  suppressed.  Weil  (152)  has  found  that  several 
injections  of  large  amounts  of  heterologous  serum  will  prevent  passive 
sensitization  of  guinea  pigs  to  a  specific  innnune  serum.  He  injected 
normal  rabbit  serum  or  sheep  serum  into  nonnal  guinea  pigs  and  found 
that,  for  24  hours  to  14  days  following  these  injections,  the  guinea  pigs 
could  not  be  passively  sensitized  to  horse  serum  by  the  injection  of 
serum  from  rabbits  immunized  to  horse  serum.  As  an  explanation,  he 
suggested  that  the  large  amounts  of  rabbit  serum  or  sheep  serum 
saturated  the  receptors  capable  of  forming  antibody  against  foreign 
protein,  so  that  a  union,  between  the  horse  serum  antibody  and  the  cells 
could  not  take  place.  Julian  Lewis  (153)  has  shown  very  clearly  how 
marked  may  be  the  inhibiting  effect  of  the  injection  of  large  doses  of 
serum,  from  one  species,  in  preventing  active  sensitization  in  guinea  pigs 
against  small  doses  of  serum  from  other  six^cies.  Thus  an  injection  of 
2.0  cc.  of  dog  serum  inhibited  active  sensitization  of  guinea  pigs  to  an 
injection  of  0,3  of  horse  serum.  Thi.s  inhibitive  action  may  take  place 
when  lx)th  foreign  sera  arc  injectetl  together. 

Some  rcamt  work  of  Docrr  and  Berger  (154)  goes  to  show  that  (his 
effect  is  not  altogether  a  quantitative  one.  They  have  studieil  the 
anaphylactic  reaction.s  in  guinea  pigs  to  four  (lilT(^rent  i)r()t(un  frnctiona 
of  horse  serum,  namely  I'higlobulin,  Pscudoglolmlin,  Albumin  (>  and 
Albumin  I).  They  workt^d  principally  with  l^uglobulin  and  Albumin  C, 
and  found  that  guinea  pigs  couhl  be  readily  and  8|H!cilically  sensitizcMJ 
to  these  two  fractions,  but  that  for  animals  sensitized  to  etiual  amounts, 
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the  intoxicating  dose  of  Euglobulin  was  considerably  smaller  than  that 
for  Albumin  D.  A  guinea  pig,  injected  simultaneously  with  equal  quan- 
tities of  Euglobulin  and  Albumin  D,  became  equally  sensitive  to  the  two 
proteins;  but,  when  one  antigen  was  in  excess  of  the  other  at  the  primary, 
injection,  though  both  were  given  simultaneously,  very  interesting 
results  were  obtained.  It  proved  that  an  excess  of  Euglobulin  inhibited 
sensitization  to  Albumin  D,  but  the  reverse  was  not  true;  and  an  excess 
of  Albumin  D  did  not  prevent  sensitization  to  Euglobulin. 

It  is  possible  that  such  experiments  with  purified  proteins  will  throw 
considerable  light  upon  the  problem  of  non-specific  desensitization  and 
the  inhibition  of  sensitization.  Heretofore  most  experiments  directed 
toward  the  elucidation  of  the  problem  have  been  carried  out  with  such 
complex  substances  that  it  is  difficult  to  unravel  and  explain  the  results 
that  are  sometimes  discordant.  It  seems  highly  probable,  that  the 
cells  of  the  body  do  not  react,  with  the  same  degrees  of  intensity  and  of 
rapidity,  toward  different  proteins;  and  for  a  proper  understanding  of 
this  whole  question  it  is  essential  that  further  information  should  be 
obtained  upon  these  important  biological  and  chemical  reactions. 
Dale  and  Hartly  (155)  have  shown,  that,  when  guinea  pigs  are  sensitized 
to  serum  globulin  or  to  serum  albumen,  there  is  a  distinct  difference  in 
the  time  interval  required  for  the  appearance  of  sensitiveness  of  the 
uterine  muscle  to  these  two  proteins.  The  sensitiveness  to  serum  al- 
bumen appears  several  days  before  that  of  serum  globulin.  Doerr  and 
Berger  (156)  have  extended  their  experiments  upon  the  fractions  of 
horse  serum  and  find  that  there  are  distinct  biological  differences  be- 
tween the  activity  of  these  fractions.  These  consist  in  differences  in 
the  size  of  the  minimal  sensitizing  dose  of  the  proteins,  which  was  found 
to  descend  in  the  scale  from  Euglobulin  to  Albumin  D;  in  differences 
in  the  incubation  period,  which,  for  a  given  amount  of  protein,  was 
found  to  be  shortest  for  Euglobulin  and  longest  for  Albumin  D ;  and  in 
differences  in  the  amounts  of  protein  required  to  produce  anaphylactic 
shock  in  actively  sensitized  guinea  pigs.  Euglobulin  produces  shock 
in  the  smallest  doses;  Albumin  D  in  the  largest. 

It  can  be  seen  from  this  review  that  many  of  the  details  of  the  mech- 
anism of  desensitization  of  animals  or  of  human  beings,  actively  sensi- 
tized by  the  injection  of  specific  protein,  and  of  animals,  passively  sensi- 
tized to  specific  proteins,  are  imperfectly  understood;  but  most  of  the 
experimental  evidence  points  to  the  fact  that,  during  the  process  of 
specific  desensitization,  there  is  a  neutralization  or  destruction  of  anti- 
bodies situated  in  the  cells  of  the  animal.    To  accompHsh  complete 


270  WAHFIELD   T.    LONGCOPE 

destruction  or  neutralization  of  these  antibodies  is  extremely  difficult 
in  highly  sensitized  animals  or  human  subjects. 

Suppression  of  anaphylactic  shock,  which  has  an  entirely  different 
significance  from  desensitization,  may  be  brought  about  by  various 
methods,  depending  in  some  instances,  upon  the  reduction  of  reactivity 
of  the  tissues  of  animals  to  the  intoxicating  factor  of  the  shock  itself; 
and  accomplished  in  other  instances  by  placing  a  barrier  between  the 
cells  of  the  body  and  the  specific  antigen  which  is  injected.  , 

It  is  possible  that  the  so-called  non-specific  desensitization,  brought 
about  by  the  injection  of  heterologous  protein  substances  into  the 
specifically  sensitized  animal,  may,  in  certain  instances  when  the  com- 
plex and  mixed  proteins,  such  as  animal  sera,  are  used  for  sensitization, 
depend  upon  some  type  of  group  reaction  in  which  the  antibodies  in 
the  cells  are  saturated  or  neutralized  by  fractions  of  heterologous  pro- 
teins employed.  It  is  also  possible  to  conceive  of  these  heterologous 
proteins  as  interfering,  in  some  way,  with  the  union  of  the  specific 
antigen  and  the  specific  cellular  antibody.  This  may  be  a  phenomenon 
which  is  analogous  to  the  interference  which  an  injection  of  large  quanti- 
ties of  heterologous  proteins  has  upon  the  specific  sensitization  of  the 
animal  tissues  by  the  subsequent  injection  of  a  single  specific  antigen. 
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ANHYDREMIA 
W.  McKIM  MARRIOTT 

Department  of  Pediatrics,  Washington  University  School  of  Medicine,  St.  Louis 

When  the  amount  of  water  eliminated  from  the  body  exceeds  the 
amount  ingested,  plus  that  produced  through  metabolic  processes,  a 
certain  degree  of  desiccation  of  the  various  organs,  tissues  and  fluids 
occurs.  The  body  possesses  an  available  store  of  water  which  exists 
for  the  greater  part  in  the  muscles  and  in  the  skin,  and  which  can  be 
drawn  upon  to  some  extent  before  any  considerable  degree  of  desicca- 
tion of  other  parts  of  the  body  occurs.  As  larger  amounts  of  water  are 
withdrawn  a  drying  out  of  all  parts  of  the  organism  takes  place,  but  the 
degree  of  desiccation  varies  markedly  in  the  different  organs.  The 
fatty  tissues,  brain,  heart  and  skeleton  lose  relatively  little  water  as 
compared  with  the  muscles  skin  and  blood.  (Falk  and  Scheffer, 
Volkmann,  Nothwang,  Straub,  Durig,  Engels,  Tobler.)  The  nmscles 
which  compose  42.8  per  cent  of  the  body  weight  give  up  67.89  per 
cent  of  the  total  water  lost  (Engels) .  The  withdrawal  of  fairly  large 
amounts  of  water  from  the  muscles  (10  to  20  per  cent  of  their  total 
water)  fails  to  impair  their  function,  as  determined  by  electro-motor 
activity  of  the  excised  muscles  (Durig),  nor  is  there  any  apparent 
morphological  change  (Durig,  Straub).  The  skin  also  seems  to  be 
but  little  damaged  functionally  or  structurally  by  the  loss  of  a  consider- 
able portion  of  its  water  content.  In  the  case  of  the  blood,  conditions 
are  quite  different.  Here  desiccation  to  even  a  slight  degree  results  in 
impainnent  of  the  circulation  and,  as  a  result,  to  secondary  functional 
disturbances  of  almost  every  part  of  the  body.  There  is  an  alteration 
in  the  metabolic  processes  and,  when  sufficient  concentration  of  the 
blood  occurs,  a  disturbance  of  the  heat-regulating  mechanism.  As 
most  of  the  observed  physiological  effects  of  loss  of  water  are  referable 
to  the  concentration  of  the  blood,  and  as  the  condition  of  the  blood 
serves  as  a  fair  index  of  the  degree  of  dehydration  of  the  body  as  a  whole 
the  subject  of  desiccation  in  general  may  very  well  be  considered  from 
the  standpoint  of  desiccation  of  the  blood,  or  anhydremia. 

The  experimental  production  of  anhydremia.  Anhydremia  may  be 
brought  about  by  restricting  the  water  intake  or  by  increasing  the  out- 
put through  various  channels. 
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Some  animals,  for  example,  moths,  serpents  and  camels,  can  exist 
for  very  long  periods  without  any  intake  of  water.  Other  animals 
under  the  conditions  of  hibernation  live  without  water  intake  for  long 
periods.  Most  animals,  however,  when  living  under  otherwise  normal 
conditions  develop  anhydremia  within  a  relatively  short  time  when 
deprived  of  water.  When  a  marked  degree  of  anhydremia  is  brought 
about  death  occurs.  A  man  has  been  known  to  survive  as  long  as  18 
daj's  without  food  or  water  when  under  average  conditions  of  tempera- 
ture and  humidity.  Under  the  same  conditions  dogs  ordinarily  live 
from  14  to  66  days  when  deprived  of  all  food  and  water  (Keith,  Pole- 
tayeff,  Underbill);  rabbits  live  from  14  to  17  days  (Utheim);  pigeons 
usually  die  within  6  days  (Nothwang). 

Ingested  fluid  does  not  represent  the  sole  available  source  of  water 
of  the  body,  as' appreciable  amounts  of  water  are  produced  during 
the  processes  of  metabolism.  When  carbohydrate  and  fats  are  burned 
in  the  body,  all  of  the  hj'drogen  is  converted  into  water  as  is  also  a 
considerable  portion  of  the  hydrogen  of  protein.  It  has  been  calcu- 
lated by  Nobel  and  by  Magnus-Levy  that  100  grams  of  fat  give  rise 
to  90  to  110  grams  of  water,  100  grams  of  carbohydrate  to  55  to  60 
grams  of  water  and  100  grams  of  protein  to  40  to  45  grams  of  water. 
The  amount  of  water  produced  in  this  way  sei-ves  in  part  to  supply 
the  needs  of  the  body,  but  in  the  case  of  most  animals  is  in  itself  entirely 
insufficient.  When  animals  take  neither  food  nor  water  by  mouth 
a  utilization  of  stored  glycogen  and  fat  occurs,  there  is  also  some  de- 
struction of  body  protein.  In  this  process  a  certain  amount  of  loosely 
bound  water  is  liberated.  One  gram  of  glycogen  as  it  exists  in  the 
body  is  combined  loosely  with  about  4  grams  of  water.  Protein  is 
united  with  ai)proximately  the  same  amount  of  water.  Fatty  tissues 
are  relatively  dry,  there  being  only  about  0.2  gram  of  water  to  each 
gram  of  fat  (Bozenraad).  All  of  this  loosely  combined  water  is  liber- 
ated and  becomes  available  when  the  i)rotein,  carboliydrate  and  fat 
of  the  body  are  "burned"  to  supply  the  needs  of  the  starving  organism. 

In  wann-blooded  animals  life  cannot  be  maintained  unless  there  is 
a  conHtant  eliniinulion  of  a  considcrabh*  amount  of  water  and  this 
elimination  taken  ))la('c  even  though  it  may  necessitate  a  desiccation 
of  the  body  tisHUcs  and  (luidK.  Loss  of  water  by  evaporation  from  the 
respiratory  tract  and  mouth  is  incvitabh'  unless  the  air  bi-catlM'd  in  is 
•aturuted  with  water  vapor  at  body  temperature.  Evaporation 
brought  alK)Ut  in  this  way  serves  the  useful  piupose  of  (lissii)ating  a 
part  of  the  Uxly  heat.     A  somewhat  larg<>r  portion  of  tlir  body  heat 
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is  usually  dissipated  by  evaporation  of  water  from  the  skin.  The 
amount  thus  evaporated  varies  tremendously  according  to  the  environ- 
ment. When  the  external  temperature  is  equal  to  that  of  the  body 
(98.6°)  or  above  it,  no  heat  is  lost  by  conduction  or  radiation  and  the 
only  means  available  to  dissipate  the  heat  of  metabolism  is  that  of 
water  evaporation.  Hunt  has  calculated  that  an  adult  with  a  metab- 
olism of  3500  calories  a  day  would,  at  an  environmental  temperature 
of  37°C,  (98.6°F.),  need  to  evaporate  at  least  8  liters  of  water  daily  to 
eliminate  the  heat  produced,  and  to  maintain  a  nonnal  body  tempera- 
ture. This  figure  makes  no  allowance  for  sweat  secreted  but  not  evapo- 
rated, nor  does  it  allow  for  the  effects  of  active  exercise.  Hunt  actually 
found  that  Europeans  in  Central  India,  during  the  summer  season, 
usually  suffered  from  thirst  when  the  daily  water  intake  fell  much  below 
13  liters  a  day  (200  cc.  per  kilo  per  day).  Almost  all  of  this  water  was 
eliminated  from  the  skin  and  lungs  as  the  urine  volume  was  small. 

The  evaporation  of  water  i^ecessary  under  normal  conditions  of  en- 
vironment is  considerably  less  than  the  above.  The  average  adult 
under  average  conditions  of  temperature  (65-70°F.)  and  humidity 
(35-60  per  cent)  and  while  doing  light  work  loses  from  30  to  60  grams 
of  water  per  hour  in  this  way  (Benedict  and  Carpenter,  Sonderstrom 
and  Du  Bois,  Wolpert).  This  corresponds  to  from  10  to  20  grams  per 
kilo  of  body  weight  per  day,  or  a  total  of  650  to  1400  cc.  daily. 

A  certain  amount  of  water  is  required  for  urinarj'  excretion  of  waste 
products,  and  this  amount  varies  considerably  with  the  character  of 
food  material  consumed.  A  sufficient  amount  of  water  is  excreted  to 
hold  in  solution  urea,  salts  and  other  end  products  of  metabolism  in  a 
concentration  not  too  great  to  be  capable  of  secretion  by  the  kidneys. 
It  has  been  shown  by  Ambard  and  Papin  and  by  Adolph  that  there  is 
a  definite  maximum  concentration  of  urea  and  of  sodium  chloride  that 
can  be  excreted  by  the  kidneys  of  each  individual,  but  that  the  excre-  • 
tion  of  each  substance  is  quite  independent  of  the  excretion  of  any  other.  ^ 
The  elimination  of  45  grams  of  urea,  or  15  grams  of  sodium  chloride  in 
man  requires  the  excretion  of  about  1  liter  of  water.  This  amount  of 
water,  however,  will  serve^OT  the  simultaneous  excretion  of  both  sub- 
stances in  the  concentrations  mentioned.  It  is  thus  seen  that  with  a 
high  protein  metabolism  or  salt  intake  a  proportionately  large  amount 
of  water  must  of  necessity  be  excreted.  In  man,  on  a  general  mixed 
diet,  the  daily  urea  excretion  averages  from  30  to  35  grams  a  day,  this 
would  require  for  its  excretion  from  650  to  800  cc.  of  urine  per  day  or 
about  10  grams  per  kilo.     Adolph  found  the  urinary  excretion  of  an 
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adult  when  abstaining  from  food  and  water  to  fall  to  the  low  level  of 
408  cc.  per  day  which  was  the  amount  secreted  even  though  the  indi- 
vidual was  becoming  dehydrated  at  the  time.  From  the  above  it  will 
be  seen  that  an  adult  man  living  under  average  conditions  necessarily 
eliminates  from  the  body  in  various  ways  from  15  to  30  grams  of  water 
per  kilo  per  day,  or  a  total  of  from  1000  to  2000  cc.  per  day.  Under 
extreme  conditions  the  amount  may  exceed  20,000  cc.  per  day.  In 
the  case  of  infants  the  evaporation  of  water  from  the  skin  and  lungs  is 
at  least  three  times  as  great  per  kilo  of  bod}"-  weight  as  in  adults  under 
the  same  environmental  conditions  (Rubner  and  Heubner),  This  is 
necessarilj'^  the  case  on  account  of  the  relatively  higher  total  metabolism 
of  the  infant.  The  water  requirements  of  animals  for  evaporation  and 
urinary  excretion  vary  greatly  with  the  species. 

When  the  intake  of  fluid  is  restricted  so  that  this  plus  the  potential 
water  of  metabolism  is  less  than  the  amount  eliminated,  a  certain  de- 
gree of  anhydremia  necessarilj'  develops  in  any  animal.  Anhydremia 
has  been  experimentally  produced  in  man  and  various  lower  animals  by 
simple  restrictions  of  water  in  the  diet  (Bowin,  Durig,  Dennig,  Engels, 
Falk  and  Scheffer,  Hunt,  Keith,  London,  Nothwang,  Utheim,  Schiff, 
Spiegler,  Straub,  Underbill,  Volkmann). 

Dehydration  of  the  body  is  much  more  rapidly  produced  if  excessive 
elimination  of  water  occurs  at  the  same  time  that  the  intake  is  re- 
stricted. Czemy  produced  a  high  degree  of  anhydremia  in  cats  by 
exposing  them  to  wann  dry  air.  Adolph  observed  anhydremia  in  man 
as  the  result  of  sweating  in  a  wann  room  or  in  a  wann  bath.  Sweating 
as  the  result  of  muscular  exercise  also  favors  the  development  of 
anhydremia. 

Certain  drugs,  sucii  as  pilocarpine;,  bring  about  increased  secretion  of 
the  sweat.  Underbill  and  Roth  have  observed  marked  anhydremia  in 
aniiriJils  deprived  of  water  and  injected  with  i)ilocarpine. 

Excessive  removal  of  water  from  the  body  by  diuresis  results  in 
anhydremia  provided  the  loss  is  not  covered  by  an  increased  fluid  intake 
by  mouth.  Morgiilis  and  Muirhead  observed  a  considerable  concen- 
tration of  the  blood  foUowhig  diuresis  occasioned  by  cantharis  injec- 
tion in  animals.  Numerous  investigators  have  brought  about  a  condi- 
tion of  anhydremia  by  the  administration  of  sodium  ('hlori(l(M)r  urea  by 
mouth  and  by  intravenous  injections  of  sodium  chloride,  urea,  gluco.se, 
saccharoM*  or  lactose.  All  of  them;  substances  on  excretion  in  the  urine 
necessarily  appropriate  water  from  the  body,  and  if  this  loss  of  water 
is  not  comfNinMated  for  by  addiii"it'il  ititukc;  anhydremia  of  a  severe 
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giade  is  produced  (Heim  and  John,  Finkelstein,  Peteri,  Bingel,  Straub, 
Balcar,  Sansum  and  Woodyatt,  Keith,  Adolph). 

An  excessive  loss  of  water  from  the  body  by  way  of  the  intestine  fol- 
lows the  administration  of  the  saline  cathartics.  This  loss  may  be 
sufficient  to  lead  to  a  considerable  concentration  of  the  blood  (Under- 
hill  and  Errico). 

The  occurrence  of  anhydremia  in  clinical  conditions.  A  certam  daily 
variation  in  the  water  content  of  the  body  necessarily  occurs  as  the 
result  of  such  factors  as  active  muscular  exercise,  exposure  to  a  warm 
environment  or  varying  intervals  of  fluid  intake.  It  has  been  shown  by 
Grunewald  and  Roininger  that  the  blood  is  usually  somewhat  more 
concentrated  in  the  evening  than  in  the  morning. 

Severe  anhydremia  occurs  when  there  is  voluntary  refusal  of  water 
for  prolonged  periods,  for  instance  in  the  case  of  persons  mentally 
deranged.  It  occurs  in  individuals  exposed  to  the  heat  of  the  desert 
(King,  McGee)  and  in  those  working  in  such  locations  as  deep  mines, 
boiler  rooms,  etc.  (Haldane). 

Vomiting  brought  about  from  any  cause  results  in  a  greatly  dimin- 
ished fluid  intake  and  often  to  a  considerable  degree  of  anhydremia. 
This  is  especially  noted  in  the  case  of  infants  suffering  from  pyloric 
stenosis,  as  no  absorption  of  water  takes  place  from  the  stomach  and 
relatively  little  passes  beyond  the  pylorus.  Any  form  of  high  intes- 
tinal obstruction  leads  to  a  similar  result. 

In  the  presence  of  diarrhea  considerable  amounts  of  water  may  be 
lost  by  way  of  the  stools.  Such  losses  are  particularly  marked  in 
Asiatic  cholera  and  in  the  choleriform  diarrheas  of  infancy.  In  such 
cases  anhydremia  rapidly  develops  and  may  be  severe  enough  to  lead 
to  death  in  a  relatively  short  period.  The  amount  of  water  lost  by  the 
stools  may  be  enormous  and  greatly  exceed  the  amount  eliminated  from 
the  body  by  all  other  ways  combined  (Rogers,  Sellards,  Meyer,  Reiss, 
Salge,  Goppert,  Lederer,  Lust,  Rominger,  Marriott,  Bessau) .  As  a  result 
of  the  water  los,s  in  severe  diarrhea  the  body  weight  may  be  decreased 
to  the  extent  of  20  per  cent  or  more  within  one  or  two  days'  time  (Meyer, 
Marriott) .  In  the  types  of  diarrhea  mentioned  the  factors  of  infection 
and  of  injury  to  the  intestinal  mucosa  with  a  possible  change  in  its 
permeability  complicate  the  picture  and  make  it  difficult  to  determine 
to  what  extent  the  manifestations  observed  are  due  to  the  anhydremia 
per  se. 

Severe  anhydremia  is  especially  likely  to  occur  in  infants.  This  is 
due  in  part  to  the  fact  that  they  have  a  high  water  requirement  which 
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must  be  covered.  Furthermore  the  infant  is  entirely  dependent  upon 
others  for  water  administration,  and  may  be  offered  an  insufficient 
amount.  Newly  bom  infants  nursing  at  the  breast  and  receiving  no 
fluid  from  other  sources  frequently  become  somewhat  desiccated  due 
to  an  insufficient  water  intake  (Crandall,  Holt,  Miiller,  Von  Reuss, 
Utheim,  Schick,  Bakwin,  Aron) .  In  any  infant  the  presence  of  infection 
is  likely  to  lead  to  refusal  of  food,  vomiting  and  diarrhea,  with  a  result- 
ing anhydremia  (Marriott). 

The  composition  of  the  blood  in  anhydremia.  Wlien  sudden  loss  of 
water  from  the  body  occurs  the  composition  of  the-  blood  is  much  more 
affected  than  when  the  same  loss  is  brought  about  more  gradually; 
thus  Adolph  observed  a  concentration  of  the  blood  of  15  per  cent  with 
a  5  per  cent  loss  of  body  weight  when  a  subject  was  rapidly  sweated  in 
a  hot  bath,  as  contrasted  with  a  blood  concentration  of  only  2  per  cent 
when  the  same  subject  lost  the  same  amount  of  fluid  during  a  period  of 
three  hours'  sweating  in  a  warm  room.  Keith  observed  a  concentration 
of  blood  plasma  of  from  24  to  44  per  cent  and  a  total  blood  volume 
decrease  of  from  2  to  38  per  cent  when  dogs  were  rapidly  dehydrated 
by  intravenous  injections  of  saccharose  solutions,  a  considerably  greater 
concentration  of  the  blood  than  is  ordinarily  observed  following 
a  similar  decrease  in  body  weight  brought  about  by  a  more  gradual 
water  loss.  Sudden  withdrawal  of  fluid  from  the  body  results  in  an 
immediate  concentration  of  the  blood.  Later  water  is  given  up  from 
the  reserve  stores  in  muscle  and  skin  and  the  blood  tends  to  retimi  to 
its  normal  composition  providing  there  is  not  a  contiiuied  removal 
of  an  excess  amount  of  water  from  the  body  (Underbill  and  Errico). 
After  a  period  of  dehydration  the  administration  of  water  causes 
an  immediate  dilution  of  the  blood  and  an  abrupt  fall  in  the  concen- 
tration of  the  hemoglobin  (Underbill  and  Kapsinow,  Keith,  Rominger). 
The  blfK>d  concentration  then  gradually  increases,  the  (excess  of  water 
being  in  part  excreted  by  the  urine?  and  in  part  taken  up  by  the  more 
desiccated  tissues.  Ultimately  if  water  continues  to  be  administered 
a  condition  of  efiuilibrium  is  finally  attained  betw(»en  the  tissues  and 
blood  aft»»r  wliidi  tli"  <'<.T,,.<.)ifralioti  <>f  l}i(>  Mood  r(>nuuns  constant 
(Hunt). 

Ix)s«  of  water  from  llu;  blood  nccu'SHurily  results  in  an  incn^'isc;  in  tiie 
proportion  of  the  total  solids  and  in  the  dried  weight  of  a  unit  volume 
of  blood  (Homingf^r).  The  HiK«cific  gravity  is  increased.  There  is  an 
mcreaHe  in  the  red  blood  cell  count  and  a  corresponding  increase  in  the 
bPtnof(lobiii    fxTeenfajre.     Thr-    hmI    blood   (vll   coutil    iiiMv   bc  tthuost 
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twice  as  high  as  the  normal;  thus  Czerny  observed  a  count  of  10,720,000 
red  cells  in  cats  made  anhydremic  by  exposure  to  warm  dry  air.  Bowin 
also  observed  a  red  blood  cell  count  twice  that  of  the  normal  animal. 
Underbill  and  Kapsinow  observed  an  increase  in  hemoglobin  concen- 
tration to  over  140  per  cent  of  the  normal  in  dogs  deprived  of  water. 

Changes  in  the  concentration  of  the  serum  proteins  of  the  blood 
are  usually  more  marked  than  the  red  cell  concentration  as  it  is  from 
the  sterum  that  most  of  the  water  is  lost  (Keith).  The  serum  protein 
not  infrequently  increases  over  50  per  cent  in  concentration  (Reiss, 
Marriott)  a  100  per  cent  increase  has  been  observed  by  Behrend  and 
Tenzer  in  the  case  of  a  young  infant  (serum  protein  of  11.6  per  cent 
as  compared  with  the  normal  of  less  than  6  per  cent).  Serum  protein 
determinations  are  readily  made  by  the  use  of  the  refractometer  (Reiss) . 

Such  high  concentrations  of  serum  protein,  hemoglobin  and  red  blood 
cells  are  usually  seen  only  when  anhydremia  is  suddenly  brought  about. 
When  a  condition  of  severe  anhydremia  has  lasted  for  a  number  of 
days  a  decrease  in  the  concentration  of  hemoglobin  and  of  serum  pro- 
tein occurs  even  though  the  body  weight  and  the  blood  volume  deter- 
minations may  indicate  a  further  loss  of  water  (Lust,  Marriott).  This 
may  be  taken  as  indication  of  destruction  of  blood  corpuscles  and  of 
serum  protein.  The  experiments  of  Giirber  on  frogs,  of  Utheim  on 
rabbits  and  Keith  on  dehydrated  dogs  show  a  decrease  in  the  total 
number  of  red  blood  cells  in  the  circulation,  when  the  duninished  total 
blood  volume  is  considered  in  connection  with  the  cell  counts  and  pro- 
tein concentration.  As  a  result  of  this  destruction  of  the  blood  con- 
stitutents  an  abnonnally  Ip.w.cell  count,  hemoglobin  and  serum  protein 
content  of  the  blood  is  often  observed  following  a  restoration  of  the 
blood  volume  by  fluid  administration  It  is  thus  seen  that  detennina- 
tion  of  the  cell  count,  hemoglobin  or  serum  protein  may  at  times  fail 
to  indicate  accurately  the  degree  of  anhydremia.  The  same  may  be 
said  of  the  determination  of  the  total  solids.  The  measurement  of  the 
blood  volume  taken  together  with  the  determination  of  the  other  con- 
stituents mentioned  supplies  the  necessary  data  for  the  estimation  of 
the  degree  of  anhydremia. 

The  mineral  salts  of  the  blood  usually  show  much  less  change  in  con- 
centration than  does  the  protein.  When  the  blood  plasma  becomes 
concentrated  through  water  loss  the  inorganic  salts  are  excreted  in  the 
urine  in  such  amounts  as  to  maintain  an  approximately  normal  salt 
concentration  of  the  plasma  in  most  instances  (Heim  and  John,  Salge, 
Reiss,  Rogers).    Some  increase  in  salt  concentration  of  the  plasma  occurs 
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when  anhydremia  is  brought  about  suddenly  and  also  when  the  an- 
hydremia  is  of  such  a  degree  that  renal  excretion  is  greatly  unpaired. 
Keith  observed  a  moderate  increase  of  the  chlorides  of  the  serum  in 
severe  anhydremia.  Salge  found  some  increase  in  the  electrical  con- 
ductivity of  the  serum  in  marked  anhydremia.  Of  the  individual 
inorganic  salts,  phosphates  are  more  likely  to  be  retained  than  chlorides, 
when  renal  activity  diminishes  as  the  result  of  blood  concentration 
(Howland  and  Marriott).  The  freezing  point  of  the  blood,  according 
to  Salge,  is  lowered,  but  he  attributes  this  to  the  increased  concentra- 
tion of  organic  constituents  rather  than  inorganic  salts. 

As  the  result  of  the  concentration  of  the  blood  protein  and  cellular 
elements  the  viscosity  of  the  whole  blood  is  greatly  increased  (Keith, 
Behrend  and  Tenzer,  Czemy,  Lust).  The  increase  in  blood  viscosity 
is  readily  apparent,  the  blood  appears  thick  and  at  times  syrupy  and 
does  not  flow  readily.  McGee  states  that  in  a  man  severely  anhydre- 
mic  as  the  result  of  exposure  to  desert  heat,  no  bleeding  occurred  from 
deep  cuts  on  the  body. 

The  total  non-protein  nitrogen  as  well  as  the  urea  of  the  blood  is 
high  when  any  considerable  degree  of  anhydremia  occurs  (Schloss  and 
Stetson,  Bang,  Minsk  and  Sauer,  Bessau,  Valk  and  DeLangen).  A 
blood  non-protein  nitrogen  as  high  as  590  mgm.  has  been  observed  in 
cases  of  Asiatic  cholera  (Valk  and  DeLangen).  The  high  non-protein 
nitrogen  of  the  blood  is  to  be  explained  in  part  by  the  functional  dis- 
turbance of  the  kidney  as  the  result  of  dehydration  of  the  blood  and  in 
part  by  the  increased  destruction  of  body  protein  which  is  known  to 
occur. 

The  blood  sugar  is  often  higher  than  normal,  thus  Schloss  observed 
fasting  blood  sugar  of  0.14  to  0.20  per  cent  in  the  case  of  infants  anhy- 
dremic  as  the  result  of  severe  diarrhea.  Even  higher  figures  have  been 
found  recently  l)y  the  present  author.  High  blood  sugar  is  a  common 
finding  in  other  conditions  associated  with  a  low  blood  volume,  for 
example,  in  shock  (Cannon).  It  is  also  observed  in  many  conditions 
in  which  then?  is  vasoconstriction  or  a  dnninution  of  the  oxygen-carry- 
ing capacity  of  the  blood  and  an  impainnont  of  the  circulation  (Araki). 
As  will  bo  seen  later,  anhydremia  results  in  a  decreased  blood  volume 
and  an  impaired  circulation  and  oxygen-carrying  capacity  in  the  blood 
and  vasoconstriction. 

The  blood  often  contains  an  abnormal  amount  of  lactic  acid  (Clausen). 
Acetone,  diACetic  acid  and  oxybutyric  acid  may  be  present,  but  rarely 
in  exoesftve  amounts  (Mooro).    Despite  the  fact  that  large  amounts  of 
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organic  acid  are  not  found  in  the  blood  there  are  changes  which  are 
indicative  of  a  considerable  degree  of  acidosis.  There  is  a  diminished 
alkali  reserve,  carbon  dioxide  content  and  bicarbonate-combining  power 
of  the  blood.  The  dried  residue  of  the  serum  is  more  acid  than  normal. 
There  is  a  decreased  oxygen  capacity  of  the  hemoglobin  and  an  increased 
hydrogen  ion  concentration  of  the  venous  blood  (Sellards,  Rowland 
and  Marriott,  Ylppo,  Schloss  and  Stetson).  The  cause  of"  the  acidosis 
will  be  discussed  subsequently. 

The  hlood  volume  in  anhydremia.  As  a  result  of  the  withdrawal  of 
water  from  the  blood  the  volume  necessarity  decreases  (Rogers,  Czerny, 
Marriott,  Utheim,  Keith).  The  reduction  in  yplunie  may  ^amount  to 
40  per  cent  Qr_iaQrfi,of  the  total  and  thiais  .due_mos±l3i  to  a  decrease  in 
plasma  volume  (Rogers,  Keith).  The  volume  of  the  blood  is  rapidly 
regained  when  water  is  administered,  provided  the  anhydremia  has 
been  of  a  slight  degree  or  of  short  duration,  but  is  only  slowly  regained 
when  a  severe  degree  of  anhydremia  has  persisted  for  a  considerable 
time.  The  blood  volume  does  not  return  to  normal  until  regeneration 
of  the  destroyed  cells  and  protein  has  taken  place  or  until  these  con- 
stituents have  been  restored  by  blood  transfusion  (Utheim,  Keith, 
Marriott). 

The  circulatory  system  in  anhydremia.  With  desiccation  of  the  blood 
and  reduction  in  its  volume  there  occurs  a  compensatory  constriction 
of  the  peripheral  arterioles  and  a  greatly  decreased  volume  flow  of  the 
blood  through  certain  parts  of  the  body.  The  changes  in  the  circula- 
tiofi  are  essentially  the  same  as  those  occurring  in  other  conditions 
associated  with  a  diminished  blood  volume  (shock,  hemorrhage,  etc.). 
The  constriction  of  the  peripheral  arterioles  leads  to  a  stagnation  of  the 
corpuscles  in  the  smaller  peripheral  vessels.  On  this  account  cell  counts 
and  hemoglobin  determinations  made  on  blood  obtained  by  puncture 
of  the  skin  are  considerably  higher  than  on  blood  simultaneously  ob- 
tained from  the  veins  of  the  same  individual.  A  difference  of  25  per 
cent  in  the  counts  between  the  venous  and  capillary  blood  has  been 
observed  in  the  blood  counts  in  the  case  of  infants  with  severe  diarrhea 
(Marriott,  Utheim).  These  differences  are  similar  to  those  observed  by 
Cannon,  Fraser  and  Hooper  in  soldiers  suffering  from  wound  shock. 

Another  effect  of  diminished  blood  volume  is  a  greatly  decreased 

volume  flow  of  the  blood  through  the- e xtrem i tips Iha^ow  of  blood 

per  unit  volume  of  extremity  per  minute  was  found  to  be  less  than  10 
per  cent  of  the  normal  flow,  in  the  case  of  anhydremic  infants  (Marriott, 
Utheim).     Similar  changes  in  the  circulation  were  observed  by  Utheim 
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in  rabbits  and  dogs  deprived  of  water  for  a  considerable  time.  The 
measurements  of  volmne  flow  were  made  by  means  of  the  Stewart 
calorimetric  method,  and  confirmed  in  the  case  of  dogs  by  the  use  of 
the  Ludwig  "Stromuhr."  The  volume  flow  of  the  blood  through  the 
extremities  increases  when  the  volume  of  the  blood  is  restored  (Marriott, 
Utheim).  It  is  not  known  to  what  extent  the  volume  flow  of  the  blood 
through  the  internal  organs  is  diminished.  The  diminished  flow  in 
the  extremities  would  tend  to  compensate  for  changes  in  blood  volume 
and  to  maintain  the  circulation  through  the  more  vital  portions  of  the 
body  (Gesell). 

Disturbances  in  the  cardiac  mechanism  have  been  observed  by  Mc- 
Culloch  in  the  case  of  anhydremic  infants,  the  electrocardiograms  show- 
ing a  ver>'  low  amplitude  of  all  waves,  the  "T"  waves  being  entirely 
absent.  The  P-R  interval  was  increased  to  as  much  as  0.20  second, 
a  distinctly  prolonged  interval  for  an  infant.  The  Q.  R.  S.  complexes 
were  abnormal  in  form.  Following  a  restoration  of  normal  blood  volume 
and  volume  flow  the  electrocardiograms  became  nomial.  This  latter 
finding  would  support  the  idea  that  the  cardiac  involvement  is  purely 
functional  and  likely  the  result  of  an  impaired  circulation  through  the 
coronary  vessels.  Additional  support  for  this  supposition  is  furnished 
by  the  fact  that  the  changes  in  the  electrocardiograms  are  very  similar 
to  those  observed  in  conditions  known  to  be  associated  with  an  im- 
paired circulation  through  the  coronary  arteries,  for  example,  in  coro- 
nary' sclerosis  (McCulloch) ,  This  disturbance  in  the  cardiac  mechanism 
may  well  be  a  factor  in  impairing  the  general  circulation. 

The  pulse  becomes  small  and  rapid  as  anhydremia  develops. 

The  blood  pressure  is  often  well  maintained,  even  when  a  very  con- 
siderable degree  of  anhydremia  occurs  (Feilchenfeld,  Utheim,  Keith). 
The  increased  viscosity  of  the  blood  is  presumably  an  important  factor 
in  preventing  the  fall  of  blood  pressure  which  might  otherwise  be  ex- 
pected to  occur  as  a  result  of  decreased  l)l()od  volume.  Keith  found  a 
nominl  blood  pressure  in  dogs  rapidly  dehydrated  by  saccharose  in- 
jection, but  a  lowered  blood  jiressure  in  animals  rendered  anhydremic 
by  a  prolonged  ]K;riod  of  abstinence  from  food  and  water.  It  is  known 
that  in  the  latter  case  the  viscosity  of  tlu;  blood  is  not  so  high,  due  to 
the  deHtniction  of  blood  cells  and  serum  protein  (see  preciMling  dis- 
cumiion  of  compoHition  of  the  blood  in  anhydremia).  Somewhat  lowered 
blood  pre«Hun»  have  Iwen  observed  by  Dennig  in  num  following  a 
restricted  water  intake.  Rogers  states  that  the  blood  i)ressure  is  often 
very  low  bm  the  reBult  of  anhydremia  due  to  Asiatic  cholera. 
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The  urine  and  renal  function  in  anhydremia.  Starling  has  shown  that 
the  secretion  of  the  urine  is  greatly  decreased  as  the  colloidal  osmotic 
pressure  of  the  blood  approaches  the  arterial  pressure  in  the  renal 
arterioles.  Such  a  condition  exists  when  the  blood  becomes  concen- 
trated by  water  loss,  the  secretion  of  urine  is,  therefore,  greatly  di- 
minished as  the  result  of  anhydremia.  There  may  even  be  complete 
anuria.  Such  urine  as  is  secreted  has  a  high  specific  gravity,  1040  or 
above  (Bessau,  Spiegler). 

Traces  of  albumin  and  numerous  casts  are  regularly  present. 

The  urine  contains  small  amounts  of  reducing  sugars  (Schiff,  Lang- 
stein  and  Steinitz,  Schloss).  It  has  been  shown  by  Schloss  that  the 
sugar  of  the  urine  is  chiefly  glucose,  its  presence  being  readily  explained 
as  the  natural  result  of  the  hyperglycemia  previously  referred  to.  In 
addition  to  glucose,  lactose  may  appear  in  the  case  of  anhydremic 
infants  (Langstein  and  Steinitz,  Schloss).  The  excretion  of  lactose 
indicates  the  absorption  of  unsplit  lactose  through  the  intestinal  wall. 
Bessau  states  that  anhydremia  leads  to  an  increased  permeability  of 
the  gastro-intestinal  mucosa.  There  is  but  little  experimental  evidence 
that  the  increased  permeability  is  due  to  the  anhydremia  per  se. 
-  There  is  an  excess  of  organic  acids  in  the  urine  (Utheim,  Clausen). 
The  larger  part  of  this  acid  is  insoluble  in  ether  and  contains  nitrogen. 
Its  exact  nature  is  unknown  but  in  chemical  behavior  it  resembles 
closely  "oxyproteic  acid"  (Clausen,  Utheim).  In  the  ether  soluble 
fraction  of  the  organic  acids,  a  moderate  amount  of  lactic  acid  is  pres- 
ent (Clausen).  There  is  rarely  a  significant  amount  of  beta-oxybuty- 
ric  or  diacetic  acids  (Sellards,  Rowland  and  Alarriott,  Schloss  and 
Stetson) . 

There  is  evidence  of  a  distinctly  impaired  functional  capacity  of  the 
kidney.  Mention  has  already  been  made  of  the  fact  that  the  blood 
shows  an  excess  of  urea,  total  non-protein  nitrogen  and  inorganic  phos- 
phate. The  phenolsulphonephthalein  excretion  is  lower  than  nonnal 
and  the  Ambard  coefficient  is  high  (Schloss  and  Stetson).  The  renal 
insufficiency  is  not  to  be  explained  on  the  basis  of  a  definite  nephritis 
as  the  kidney  only  occasionally  shows  pathological  changes  at  autopsy 
(Schloss,  Bessau).  Furthermore,  all  evidences  of  functional  renal 
impairment  rapidly  disappear  with  the  establishment  of  a  normal 
water  balance.  The  urine  becomes  normal  in  all  respects.  These 
facts  lead  to  the  conclusion  that  the  renal  insufficiency  is  purely  func- 
tional and  the  result  of  the  inability  of  the  kidney  to  separate  a  normal 
urine  from  a  concentrated  blood. 
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The  effect  of  anhydremia  on  the  metabolism.  Straub  found  no  increase 
in  the  total  metabolism  of  dogs  made  anliydremic  by  water  deprivation. 

Nmnerous  observers  have  established  the  fact  that  anhydremia 
causes  a  negative  nitrogen  balance  (Dennig,  Straub,  Meyer,  Landauer, 
Schiff,  Spiegler).     This  indicates  a  destruction  of  body  protein. 

The  mineral  salt  balance  is  also  negative.  There  is  a  loss  of  sodium, 
potassium  and  chloride  ions  (Mej'er,  Tobler). 

The  gastro-intestinal  tract.  One  of  the  effects  of  anhydremia  is  a 
poor  absorption  of  fat  and  protein  from  the  gastro-intestinal  tract 
(Dennig,  Giirber).  When  food  is  given  to  a  badly  desiccated  animal, 
vomiting  and  diarrhea  usually  occur  (Straub,  Nobel,  Heim  and  John, 
King,  McGee,  Marriott). 

Acidos^is.  Desiccation  of  the  body  leads  to  a  considerable  degree  of 
acidosis.  The  blood  shows  characteristic  evidences  of  acidosis,  as  has 
been  mentioned  above.  In  addition  there  is  a  lowered  carbon  dioxide 
tension  in  the  alveolar  air  (Haldane,  Rowland  and  Marriott,  Schloss 
and  Stetson),  and  an  increased  alkali  "tolerance,"  that  is  to  say,  the 
capacity  to  ingest  large  amounts  of  alkali  without  changing  the  reaction: 
of  the  urine  to  the  alkaline  side  (Sellards,  Howland  and  Marriott, 
Schloss  and  Stetson). 

The  acidosis  is  not  due  to  an  excessive  production  of  the  acetone 
bodies  (Howland  and  Marriott,  Moore,  Schloss  and  Stetson).  It  is 
due  in  part  to  the  acids  produced  as  the  result  of  a  diminished  volume 
flow  of  the  blood.  It  has  been  shown  by  Wright  and  Colebrook,  by 
Gesell  and  others  that  a  diminished  volume  How  of  the  blood  leads  to 
an  overproduction  of  acids  in  the  tissues,  presumably  as  the  result  of 
suboxidation.  Clausen  has  found  two  of  such  acid  products  in  the 
blood  and  urine  of  desiccated  animals,  namely,  lactic  acid  and  an  ether- 
insoluble  acid  resembling  oxyproteic  acid.  Both  of  these  disappear 
with  the  eHtablishment  of  the  normal  blood  ilow. 

When  the  urine  secretion  is  much  diminishetl  as  the  result  of  anhy- 
dremia, there  is  a  retention  of  acids  normally  excreted.  The  predomi- 
nating acid  of  the  urine  in  ordinarily  acid  ])h()s])hate.  In  severe  anhy- 
dremia a  phosphate  retention  occurs  (Howland  ami  Marriott).  This 
retention  of  acid  is  an  additional  factor  in  the  ])roduction  of  acidosis. 
The  acidoms  is  likely  of  the  saiiu^  general  nature  as  that  occurring  as 
the  result  of  chronic  nephritis  (Marriott  and  Howland). 

The  heating ulaling  nvchaniftm.  When  the  blood  and  tissues  become 
eoncentrnted  by  water  loss  the  amount  of  wixUw  availabl(>  for  evni)()ra- 
tion  is  dimininhcd  and  ult  iniat<>ly  Ixicomes  less  than  that  required  for 
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removal  of  the  heat  of  metaboHsm.  Fever  then  occurs.  High  body 
temperatures  in  man  (104°F.  or  over)  as  the  result  of  restricted  fluid 
intake  have  been  observed  by  Dennig,  Rosenstem,  Jurgenson,  Von 
Noorden  and  Solomon.  McGee  mentions  fever  as  one  of  the  prominent 
symptoms  of  desert  thirst.  Aron,  Friese,  Grulee  and  Bonar  and  Meyer 
have  observed  high  temperatures  in  infants  of  various  ages  when  re- 
ceiving less  than  the  usual  amounts  of  water.  In  these  cases  no  cause 
for  fever  other  than  the  restricted  fluid  intake  could  be  found  The 
temperature  usually  fell  promptly  on  the  administration  of  water. 

Infants  during  the  first  days  of  life  occasionally  develop  high  fever 
which  is  lowered  by  administration  of  water.  Such  infants  are  often 
receiving  but  small  amounts  of  fluid  and  show  definite  evidences  of 
anhydremia  (Holt,  Crandall,  IVIiiller,  Rott,  Heller,  Bakwin,  Schick, 
Von  Reuss).  It  is  possible  however  that  the  anhydremia  is  not  the 
sole  cause  of  fever  in  these  infants  (Grulee,  Utheim,  Von  Reuss). 

Fever  has  been  observed  in  animals  rendered  anhydremic  by  the 
administration  of  salts  and  sugars  (Finkelstein,  Heim  and  John,  Peteri, 
Balcar,  Sansum  and  Woodyatt).  Temperatures  as  high  as  125°F.  have 
been  observed  under  such  conidtions.  There  is  some  question  as  to 
whether  the  fever  observed  (salt  fever)  is  solely  the  effect  of  dehydra- 
tion. 

Czerny  observed  high  body  temperatures  in  cats  made  anhydremic 
by  exposure  to  wann  dry  air. 

Miscellaneous  manifestations  of  anhydremia.  During  the  develop- 
ment of  anhydremia  loss  of  weight  occurs  which  is  more  rapid  than 
that  observed  in  any  other  condition.  From  10  to  25  per  cent  of  the 
body  weight  may  be  lost  within  1  or  2  days'  time.  The  skin  becomes 
gray,  wrinkled  and  dr}'  and  loses  its  elasticity.  A  fold  produced  in 
the  skin  flattens  out  slowly.  The  surface  of  the  body  may  become 
anesthetic.  The  mucous  membranes  are  dry  and  lustreless.  Salivary 
secretion  ceases.  The  tongue  and  lips  are  shrivelled.  In  infants  the 
fontanelle  is  depressed. 

The  extremities  are  cold  even  though  the  rectal  temperature  may  be 
high.  The  respirations  are  deep  and  often  stertorous.  This  deep 
breathing,  or  "air  hunger,"  is  a  manifestation  of  acidosis. 

Transient  deafness  and  blindness  have  been  observed.  The  mental 
state  is  one  of  irritability  during  the  earlier  stages  of  anhydremia,  later 
one  of  stupor.  TeiTninal  convulsions  are  not  infrequent.  The  nervous 
symptoms  are  in  part  referable  to  the  uremia,  the  result  of  impaired 
renal  function. 
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Excellent  descriptions  of  the  s>Tnptoms  of  anhydremia  in  man  result- 
ing from  desert  thirst  are  given  by  King  and  by  McGee. 

London  states  that  anhydremia  lowers  the  resistance  of  the  body  to 
infection. 

The  treatment  of  anhydremia.  Administration  of  water  by  mouth 
in  sufficient  amounts  leads  to  the  prompt  disappearance  of  all  the 
manifestations  of  anhydremia  providing  the  degree  of  desiccation  is 
not  extreme,  and  has  not  lasted  long  enough  to  have  led  to  much  de- 
struction of  the  body  constituents.  In  severe  anhydremia  administra- 
tion of  water  by  mouth  in  sufficient  amounts  is  often  difficult  as 
vomiting  is  likely  to  occur.  Water  is  well  absorbed  through  the  skin 
of  certain  animals,  such  as  frogs.  McGee  states  that  the  human  skin 
when  desiccated  is  capable  of  absorbing  water  applied  externally. 
Definite  proof  of  this  assertion  is,  however,  lacking. 

Water  introduced  by  way  of  the  rectum  is  well  absorbed. 

Fluid  in  the  form  of  isotonic  salt  and  glucose  solution  may  be  intro- 
duced intravenously,  subcutaneously  or  intraperitoneally  (Rogers, 
Blackfan  and  Maxey). 

As  there  is  a  loss  of  mineral  salts  from  the  body  in  anhydremia  there 
is  an  advantage  in  giving  salts  as  well  as  water.  It  has  been  found  that 
water  is  much  better  retained  in  the  body  when  salts  are  given  at  the 
same  time  (Czemy,  Heim  and  John,  Rogers,  Behrend  and  Tenzer). 

As  all  of  the  manifestations  of  anhydremia  including  the  acidosis 
rapidly  disappear  when  sufficient  fluid  is  administered  it  is  usually 
unnecessary  to  give  alkali  to  combat  the  acidosis.  Administration  of 
sodium  bicarbonate  may  even  l)c  hannful  on  account  of  its  effect  on 
further  concentrating  the  blood  and  because  of  the  alkalosis  which 
usually  occurs  as  a  normal  water  balance  of  the  body  is  established 
following  anhydremia.  The  organic  acids  arc  burned  and  excreted 
leaving  behind  the  excess  of  alkali  which  may  be  slowly  excreted  over 
several  days.  'Hie  excess  of  sodium  l)icarbonate  in  the  body  occasion- 
ally leads  to  the  dovf'l()]>m('Tit  of  manifestations  of  tetany  (Ilarrop, 
Marriott). 

When  anli>tlniiii:i  li.is  existed  lor  a  considerable  time  so  that  there 
is  a  destniction  of  blood  cells  and  i)hi.sma  protein  the  administration 
of  fluid  may  fail  to  restoro  the  blood  to  its  nonnal  volume  and  as  a 
consequenre  the  volume  flow  of  the  blood  will  remain  low  for  some  time. 
This  condition  may  Im-  remedied  by  transfusion  of  whole  blood,  or  to 
a  certain  extent,  by  the  injection  of  solutions  containing  acacia  (White 
and  Erianger,  Cje«oU,  Marriott). 
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Appendix:  The  blood  and  the  circulation  in  conditions  closely  related 
to  anhydremia.  In  traumatic  shock  and  in  experimental  shock  brought 
about  by  mechaaical  means  or  by  the  injection  of  histamine  or  pro- 
teoses a  decrease  in  the  blood  volume  occurs  (Cannon,  Keith,  Gasser,- 
Erlanger  and  Meek,  Underbill  and  Ringer,  Underbill  and  Roth).  The 
concentration  of  hemoglobin  and  of  red  blood  cells  is  markedly  increased. 
The  total  solids  of  the  blood  as  a  whole  are  increased  but  the  plasma 
protein  concentration  remains  approximately  nonnal.  There  is  no 
actual  desiccation  of  the  blood,  but  a  loss  of  plasma  presumably  by 
passage  through  the  vessel  walls.  A  similar  concentration  of  cellular 
elements  of  the  blood  occurs  in  influenza  (Underbill  and  Ringer). 
In  intestinal  obstruction  (Whipple  and  Cooke)  and  following  severe 
burns  of  the  surface  of  the  body  (Underbill)  and  the  inhalation  of  war 
gases  (Underbill)  a  similar  blood  picture  is  produced.  In  all  of  the 
conditions  mentioned  there  is  a  decrease  in  blood  volume  and  changes 
in  the  circulation  which  are  essentially  the  same  as  those  observed  in 
anhydremia.  Acidosis,  hyperglycemia  and  an  increase  in  the  urea  and 
non-protein  nitrogen  and  lactic  acid  of  the  blood  have  been  observed 
in  some  of  these  conditions  (Aub  and  Wu,  Cannon,  Macleod). 
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Variations  in  the  reaction  of  the  blood.  The  normal  processes 
taking  place  in  the  living  cells  can  be  carried  out  only  if  the  hydrogen 
ion  concentration  of  the  fluids  inside  and  outside  of  the  cells  is  main- 
tained constant  within  quite  narrow  limits.  The  blood  in  the  body  is 
almost  always  slightly  alkaline  (about  pH  7.4).  Although  the  limits 
of  variation  in  reaction  within  which  life  is  possible  are  still  in  doubt, 
blood  as  acid  as  pH  6.95  (Hasselbalch  and  Lundsgaard,  1912;  Van 
Slyke,  Austin  and  Cullen,  1922)  and  as  alkaline  as  pH  9.00  (Dale  and 
Evans,  1922)  has  been  reported.  In  spite  of  the  great  amount  of  work 
which  has  been  done  in  this  field  there  are  but  few  data  available  which 
may  be  compared  indiscriminately  owing  to  the  technical  difficulties 
involved  in  determining  the  hydrogen  ion  concentration  (cH)  of  blood 
by  the  electrometric  method  in  the  presence  of  oxygen  and  carbon 
dioxide,  and  owing  to  the  lack  of  accurate  constants  for  use  in  calcula- 
tions where  indirect  methods  are  employed. 

The  limits  of  variation  in  the  normal  individual  which  result  from 
temporarily  taxing  the  available  mechanisms  for  maintaining  neutrality 
are  nearly  as  great  as  the  extremes  just  mentioned.  Barr,  Himwich 
and  Green  (1923)  reported  a  pH  of  7.05  (recalculated)^  in  blood  after 
short  periods  of  strenuous  muscular  exercise.  On  the  alkaline  side, 
Davies,  Haldane  and  Kennaway  (1920)  found  a  pH  of  aljout  7.85 
(recalculated)  after  forced  breathing. 

The  difference  in  pH  between  arterial  and  venous  blood  has  been 
studied  by  several  investigators.  Parsons  (1917)  calculated  the  change 
in  pH  as  0.02.     Peters,  Barr  and  Rule's  (1920-21)  data  show  variations 

1  Data  designated  in  this  waj'  have  been  recalculated  using  the  "ordinate 
correction"  of  Doisy,  Briggs,  Eaton  and  Chambers  (1922)  and  6.15  as  the  value  of 
pKi  in  Hasselbalch 's  equation. 
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of  0.01  to  0.04  (recalculated).  Doisy,  Briggs,  Eaton  and  Chambers 
(1922)  calculated  variations  from  0.013  to  0.037.  Dale  and  Evans 
(1922)  using  their  colorimetric  method,  found  a  difference  of  0.10 
between  the  arterial  and  venous  blood  of  an  anesthetized  cat. 

The  reaction  of  cell  fluids.  These  figures  are  for  blood  only 
and  they  teU  us  nothing  about  the  reaction  of  the  tissue  cells.  The 
study  of  the  reaction  of  the  fluids  within  the  tissues  is  difficult  on  account 
of  the  rapid  changes  which  occur  when  the  tissue  is  removed  from  its 
normal  environment.  It  appeals,  however,  that  the  reactions  of  the 
blood  and  tissue  cells  are  not  widely  different  (Koehler,  Severinghaus 
and  Bradley,  1922). 

One  might  suppose,  at£rst  tlSh(«,tnat  the  study  of  cells,  such  as  those 
of  the  stomach  which  secrete  hydrochloric  acid,  would  furnish  some  clue 
as  to  the  degree^of  acidity  which  these  cells  are  able  to  withstand. 
Gastric  juice  has  a  pH  of  1.7  and  is  the  most  acid  fluid  found  in  the  body. 
Comparing  the  work  of  Fitzgerald  (1910),  Harvey  and  Bensley  (1912) 
and  Collip  (1921)  one  gains  the  impression  that  within  the  parietal 
cells  hydrochloric  acid  is  formed  (by  the  interaction  of  chlorides,  phos- 
phates and  carbonic  acid),  which  unites  with  a  weak  base  and  the 
resulting  salt  (seemingly  of  colloidal  nature)  yields  a  solution  which  is 
only  faintly  acid.  The  compound  passes  intp  the  lumen  of  the  excre- 
tory duct  and,  as  it  passes  toward  the  opening  into  the  stomach,  is 
hydrolyzed  and  the  weak  base  reabsorbed.  The  final  acidity  is  reached 
only  as  the  liquid  is  about  to  flow  out  into  the  stomach,  where  the  cells 
arc  protected  by  a  mucous  coating.  The  contents  of  the  secreting  colls 
are,  however,  never  more  than  very  faintly  acid.  Some  such  mech- 
anism involving  selective  diffusion  may  come  into  play  in  the  mam- 
malian pancreas  and  liver,  where  strongly  alkaline  fluids  are  secreted 
and  may  even  occur  in  connection  with  the  formation  of  urine  by  the 
kidney.  These  secretions  of  specialized  cells  offer  opportunities  for 
studying  certain  physico-chemical  reactions,  such  as  selective  per- 
meability through  meml)ranes,  but  do  not  necessarily  furnish  any  infor- 
mation concerning  the  variations  of  the  reactions  within  the  tissue  cells 
tliemwlvos. 

'I'he  most  satisfactory  comparison  of  cH  inside  and  outsidi*  of  cells 
hem  l>ccn  made  in  studying  pla.sma  and  corpuscles.  Fluid  within  the 
corpuscles  has  Iw'en  found  to  be  more  acid  than  Ihe  plasma  by  about 
pH  0.05  to  O.l.'i  (for  references  see  below).  That  the  ell  within  the 
cells  may  Ix;  slightly  different  from  the  blood  which  bathes  them  is  made 
pocMiiblc  by  the  fact  that  certain  substances  arc  not  free  to  (liffus<> 
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through  the  cell  membrane.  Nevertheless,  an  equilibrium  exists 
between  the  cH  of  the  cell  fluid  and  that  of  the  blood  so  that  an  altera- 
tion of  one  will  be  reflected  in  the  other.  The  maintenance  of  a  normal 
hydrogen  ion  concentration  of  the  blood  is,  therefore,  necessary  in 
order  that  the  activities  of  the  cells  shall  not  be  impeded  by  abnormal 
changes  in  their  reaction.  But,  besides  carrying  out  this  important 
function,  the  normal  reaction  of  the  blood  must  be  maintained  in  order 
that  it  may  act  as  an  efficient  carrier  of  oxygen  and  carbon  dioxide. 

Mechanisms  for  removing  base  and  acid.  Since  the  normal 
reaction  of  the  body  is  maintained  within  such  narrow  limits  there 
must  be  effective  mechanisms  within  the  body  for  taking  care  of  a  tem- 
porary excess  of  either  base  or  acid,  and  since  acids  are  formed  in  many 
phases  of  metabolism  the  organism  evidently  must  have  considerable 
capacity  for  handling  acids.  In  the  oxidation  of  food  materials  to 
furnish  the  energy  and  heat  of  the  body,  proteins,  fats  and  carbohydrates 
all  furnish  large  quantities  of  carbonic  acid,  which,  although  a  weak  acid, 
would  cause  serious  injury  to  the  tissues  if  allowed  to  accumulate  in  too 
high  a  concentration.  Besides  yielding  carbonic  acid  upon  oxidation 
proteins  yield  appreciable  quantities  of  phosphoric  and  sulphuric  acid. 
After  strenuous  muscular  activity  lactic  acid  accumulates.  Under 
abnormal  conditions  beta-oxybutyric  acid  and  aceto-acetic  acid  may  be 
formed  in  large  quantities.  Thus  it  may  be  seen  that  the  animal  organ- 
ism is  called  upon  to  dispose  of  large  amounts  of  acid  under  both  normal 
and  abnoraial  conditions  and  to  dispose  of  them  sufficiently  rapidly  so 
that  the  hydrogen  ion  concentration  of  the  blood  and  tissues  does  not  rise 
above  1  X  lO"**-^.  The  disposal  of  basic  radicles  (mainly  sodium, 
potassium,  calcium  and  magnesium)  is  necessitated  by  the  fact  that 
salts  containing  basic  radicles  are  a  necessary  part  of  the  norma]  diet 
and  the  accumulation  of  an  excess  of  base  in  the  body  would  result  in 
increased  alkalinity  of  the  tissue  fluids  as  well  as  severe  disturbances  in 
the  osmotic  pressure  equilibrium. 

The  great  importance  of  regulating  the  reaction  of  the  body  within 
narrow  limits  is  indicated  by  the  number  of  elaborate  mechanisms 
available  for  maintaining  a  normal  acid-base  equilibrium.  Acids  and 
bases  which  tend  to  accumulate  in  the  body  are  excreted.  The  volatile 
CO2  is  eliminated  by  way  of  the  lungs  while  the  non-volatile  acids,  such 
as  sulphuric,  phosphoric  and  hydrochloric,  and  the  bases  are  eliminated 
by  way  of  the  kidneys  in  the  form  of  salts.  Some  salts  probably  pass 
from  the  blood  into  the  intestine  and  are  eliminated  in  the  feces. 


298  D.    WRIGHT   WILSON 

The  tissues  and  blood  must  be  protected  against  any  great  change  in 
reaction  during  the  period  between  formation  and  elimination  of  acid. 
The  buffers  in  the  tissues  and  blood  constitute  the  great  source  of  pro- 
tection in  this  connection.  The  proteins  and  phosphates  are  probably 
the  main  buffers  concerned. 

It  should  be  emphasized  that  the  NaHCOs  of  the  blood  is  the  agent 
which  neutralizes  non-volatile  acids  such  as  sulphuric  and  phosphoric. 
Upon  entering  the  blood,  they  react  with  NaHCOg  as  they  would  in  a  test 
tube,  forming  the  corresponding  salt  of  the  non-volatile  acid  and  liber- 
ating carbon  dioxide.  In  a  test  tube  the  gas  quickly  passes  from  the 
solution  into  the  air  and,  in  a  similar  way  in  the  body,  the  extra  carbon 
dioxide  is  eliminated  by  the  lungs  and  thus  the  end  result  is  that  the 
NaHCOs  in  the  blood  has  neutralized  a  strong  acid  with  no  appreciable 
change  in  the  cH  of  the  solution.  The  neutralization  of  carbonic  acid 
itself  is  brought  about,  not  by  the  NaHCOs  of  the  blood,  but  by  ftrptein 
and  phosphates  which,  acting  as  storehouses  for  ba§g,  give  jt  up  thus 
permitting  the  formation  of  bicarbonate  with  the  carbonic  acid  as  it 
enters  from  the  tissues. 

In  tracing  the  method  of  disposal  of  acid  or  base  which  has  accu- 
mulated in  some  tissue,  the  following  mechanisms  have  been  shown  to 
be  concerned.  The  buffers  of  the  tissue  protect  while  the  material 
diffu-ses  into  the  blood  and  adjacent  tissue.  The  material  is  carried  by 
the  blood  with  little  change  in  reaction  owing  to  its  buffers.  Other 
ti.ssues  of  the  body  absorb  some  of  the  excess  from  the  blood,  so  that  the 
quantity  of  acid  or  alkali  which  the  body  can  retain  without  exceeding 
the  normal  limits  of  capacity  of  the  buffers  depends  not  only  upon  the 
quaiititj'  which  may  be  handled  by  the  blood  but  also  by  the  tissue  fluids 
of  the  whole  body.  (Palmer  and  Van  Slyke,  1917;  Barr  and  Hiniwich, 
1923,  a.)  This  .safeguards  the  body  against  an  accumulation  of  material 
in  exces.s  of  its  ability  to  immediately  excrete  it.  Besides  this  removal 
of  excess  acid  and  alkali  by  the  body  fluids,  the  tis.sues  are  able  to  d(\stroy 
certain  bases  and  acids  or  sometimes  to  form  compounds  to  neutralize 
them.  Ammonia,  which  is  produced  by  the  deainiiiization  of  amino 
a<TiciK,  JH  quickly  converted  into  tlu*  neutral  compound,  urea,  whil(>  many 
organic  acidH  arc  oxidized  to  carbonic  acid.  Ammonia  is  formed  by  the 
kithiey  (Na.sh  anri  Tienedict,  1922)  to  combine  with  excess  acidic  nidicrles, 
an<i  lactic  aci«i  may  Ix-  formed  to  combine  with  an  exc^ess  of  bjise 
(Maclcod  and  Knapp,  1918-19).  Besides  these  chemical  mecham'sms 
which  aid  in  handling  <'XcesH  acids  or  bjises  until  they  are  excreted,  a 
plivhical  meclmniNni  r)f  fundamental  importance^  is  the  blood  flow,  the 
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rate  and  volume  of  which  determine  the  amount  of  material  which  can 
be  removed  from  a  localized  area  and  transported  to  the  excretory- 
organs. 

There  are  several  possible  paths  for  excretion  of  acids  and  bases. 
The  quantities  excreted  in  the  perspiration  are  too  small  to  warrant 
consideration.  The  excretion  by  wa}'-  of  the  feces  seems  to  have  little 
relation  to  the  acid-base  equihbrium  in  the  body.  We  may  say  then 
that  the  volatile  carbonic  acid  formed  in  the  body  is  excreted  by  way  of 
the  lungs,  and  the  kidneys  constitute  the  only  other  regulated  mech- 
anism for  the  elimination  of  acids  and  bases.  The  relative  quantities 
of  acids  removed  by  these  two  paths  are  so  seldom  emphasized  that  it  is 
of  interest  to  note  that  the  equivalent  of  20  to  40  liters  of  normal  acid 
are  excreted  by  way  of  the  lungs  in  24  hours,  while  during  the  same  time 
50  to  150  cc.  of  normal  acid  are  excreted  by  way  of  the  kidneys.  Not 
only  is  by  far  the  larger  part  of  the  acid  formed  in  the  body  eliminated 
by  way  of  the  lungs  but  it  is  eliminated  without  the  loss  of  any  base 
from  the  body. 

The  elimination  of  carbonic  acid.  Stated  in  its  simplest  form,  the 
elimination  of  carbonic  acid  depends  on  the  diffusion  of  its  anhydride, 
carbon  dioxide,  from  the  blood  into  the  alveoli  and  lower  air  spaces  of 
the  lungs  which  are  being  washed  out  by  an  intermittent  inspiration  of 
atmospheric  air  and  expiration  of  this  air  mixed  with  alveolar  air  which 
has  diffused  into  it.  Efficient  aeration  of  the  blood  is  made  possible  by 
a  capillary  network  over  the  alveoli  which  permits  a  film  of  blood  to 
come  into  close  contact  with  the  air  in  the  alveoli,  separated  only  by  a 
very  thin  layer  of  tissue  (said  to  be  0.004  mm.  thick).  The  normal 
contact  between  air  and  blood  seems  to  be  sufficiently  intimate  to  per- 
mit rapid  diffusion  of  carbon  dioxide  and  practically  complete  equaliza- 
tion of  the  partial  pressure  of  carbon  dioxide  in  the  two  media  (Krogh 
and  Krogh,  1909-10).  There  is  about  0.04  per  cent  CO2  in  atmospheric 
air  so  that  the  partial  pressm-e  of  CO2  is  about  0.3  mm.  Hg.  The  normal 
partial  pressure  of  CO2  in  the  alveolar  air  and  arterial  blood  is  about 
40  mm.  Hg.  It  would  appear  that  under  normal  conditions  the  aera- 
tion of  the  blood  is  dependent  mainly  upon  the  degree  of  aeration  of  the 
alveolar  air  spaces  rather  than  upon  the  rate  of  diffusion  of  carbon  dioxide 
from  the  blood  into  the  alveoli.^  It  is  quite  probable  that  all  of  the 
alveolar  air  spaces  of  the  lung  are  not  being  uniformly  ventilated  so  that 
the  partial  pressure  of  CO2  is  higher  in  some  regions  than  in  others. 

2  Under  certain  pathological  conditions  these  relations  may  not  exist. 
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The  blood  flowing  through  various  parts  of  the  lung  will,  therefore,  be 
brought  into  equilibrium  with  the  different  CO2  tensions.  For  this 
reason  it  is  best  to  say  that  the  respiration  is  regulated  so  as  to  maintain 
a  certain  average  tension  of  COo  in  the  alveoli  which  will  produce  in 
the  mixed  arterial  blood  flowing  from  the  lung,  a  cH  just  sufficient  to 
furnish  the  normal  stimulus  to  the  respiratory  center  (Haldane,  1922). 

It  is  important  to  emphasize  that  even  with  a  constant  cH  in  arterial 
blood  the  partial  pressure  of  CO2  in  blood  and  alveolar  air  may  vary. 
This  may  be  illustrated  bj'  the  following  equation: 

CO2  pressm-e  ^  (COo  dissdyed)  ;=±  (H2CO3)  ^  (HCO3)  +  (H)^ 
which  indicates  that,  with  HCO3  present  in  blood,  there  must  also  be 
present  some  molecules  of  H2CO3  and  molecules  of  dissolved  CO2  gas 
and  a  tendency  for  this  gas  to  escape  from  the  solution.  This  tendency 
can  be  expressed  as  partial  pressure  of  CO2  and  will  be  demonstrated 
by  the  passage  of  CO2  from  the  blood  into  air  with  which  it  is  brought 
in  contact,  unless  the  partial  pressure  of  CO2  in  the  air  is  as  great  as  the 
partial  pressure  of  CO2  in  the  blood. 

If  for  any  rea.son  the  concentration  of  HCO3  ions  in  the  blood  is  de- 
creased (as  in  dia]:)etic  acidosis)  and  the  cQ^ remains  constant,  there  must 
be  a  corresponding  decrease  in  concentration  of  each  member  of  the 
al)Ove  series,  and  a  decrease  in  partial  pressure  of  COo  in  the  blood. 
This  will  result  in  a  decreased  tension  and  a  decreased  percentage  of 
COj  in  the  alveolar  air.  With  the  normal  aerationjilihe^  alveolar  air 
spaces  the  amount  of  CO2  removed  will  Ix^  correspondingly  smaller  than 
normal.  Therefore,  with  decreased  NaHCOs  in  the  blood,  an  increased 
ventilation  will  be  necessary  to  cause  the  removal  of  a  constant  quantity 
of  COo  formed  by  the  oxidations  in  tlie  body  and  at  the  same  time  to 
maintain  a  normal  cH.  With  a  high  l)icarl)onate  concentration  in  tlic 
blood,  the  alveolar  CO2  tension  will  be  high  if  the  cH  remains  normal 
and  a  diminished  ventilation  of  tlic  hnijrs  will  suffice  to  remove  the 
necessary  (juantities  of  COj. 

Increase  in  the  frequency  of  respiration  will  increase  the  aeration  of 
the  active  air  spaces,  i.e.,  the  air  spaces  which  are  being  well  ventilated. 
An  increa«<»  in  the  depth  of  i-espiration  will  incn^ase  the  mnnhcr  or 
volume  of  air  spaces  Ixiing  well  ventilated.  lOach  of  these  mechanisms 
fogetlier  with  an  increas(>  in  blood  flow  through  the  lungs  will  p<'rmit  the 
removal  of  iiicreasinK  quantities  of  ('Oo  from  tlu'  body.  AltcMJitions 
of  these  three  variables,  therefore,  offer  almost  unlimited  opportunity 
for  delicate  adjuMlmcnts  whereby  the  loss  of  carboin'c  ncid  from  the 
\)ody  can  Ik*  controlled  within  v«'ry  narrow  limitH. 
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Changes  occurring  in  the  blood.  Before  discussing  the  regulatory 
mechanisms  which  control  the  loss  of  carbonic  acid,  the  changes  which 
take  place  in  the  blood  may  be  examined.  Venous  blood  loses  CO2 
in  the  lungs  and  tends  to  become  more  alkaline,  and  arterial  blood  takes 
up  CO2  in  the  tissues  and  tends  to  become  more  acid.  A  number  of  other 
reactions  occur  simultaneously  which  cause  the  changes  in  reaction  to 
be  diminished  greatly  and  there  results  a  system  of  transport  which 
carries  large  quantities  of  carbonic  and  other  acids,  loading  in  the  tissues 
and  unloading  in  the  lungs  and  kidneys  with  little  change  in  cH  in 
either  place. 

The  study  of  these  changes  in  blood  has  occupied  the  attention  of 
many  investigators  for  over  fifty  years.  Recently  the  work  has  received 
a  great  impetus  due  to  the  development  of  new  methods  for  determining 
the  cH  (Hasselbalch,  1911;  Sorensen,  1912;  Michaelis,  1914;  Clark,  1922) 
and  the  oxygen  and  carbon  dioxide  concentration  in  blood  (Barcroft, 
1914;  Van  Slyke  and  Stadie,  1921 ;  Haldane,  1922).  The  methods  have 
been  improved  until  the  data  are  now  becoming  sufficiently  exact  to 
give  an  accurate  insight  into  the  mechanisms  involved.  Van  Slyke 
and  his  associates  (1917-23)  and  L.  J.  Henderson,  (1920-21)  have 
assembled  data  and  proposed  new  and  more  exact  mathematical  methods 
of  studying  the  complex  reactions  involved.  Warburg  (1922)  has  made 
a  detailed  application  of  new  theories  of  solutions  and  activities  of  ions 
together  with  a  consideration  of  the  complications  introduced  by  the 
heterogeneity  of  all  biological  fluids  containing  colloids  and  colloidal 
membranes,  which  will  at  least  modify  some  of  the  quantitative  aspects 
of  the  discussions. 

Investigators  are  encouraged,  however,  to  find  that  so  much  of  the 
data  may  be  explained  within  the  desired  limits  of  accuracy  by  a  con- 
sideration of  the  simpler  theoretical  applications.  The  principal  factors 
involved  in  the  acid-base  equilibrium  of  the  blood  have  been  summarized 
in  an  article  by  Van  Slyke  (1921a)  in  a  previous  volume  of  the 
Physiological  Reviews.  Since  that  article  was  published,  many 
experiments  have  been  carried  out  which  furnish  more  exact  data  and 
extend  the  knowledge  of  these  mechanisms. 

The  hemoglobin-oxyhemoglobin  change.  Blood  in  passing 
through  the  lungs  takes  up  oxygen  until  the  partial  pressure  of  oxygen 
dissolved  in  the  fluid  is  the  same  (or  nearly  the  same)  as  that  in  the 
alveolar  air  and  the  hemoglobin  has  been  changed  almost  entirely  into 
oxyhemoglobin.  The  oxygen  tension  in  the  tissues  is  less  than  that  of 
fully  oxygenated  blood  owing  to  the  utilization  of  oxygen  by  the  tissues 
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for  oxidations  which  are  going  on  to  a  greater  or  less  extent  at  all  times. 
For  this  reason  as  arterial  ])lood  passes  through  the  tissue  capillaries, 
oxygen  leaves  the  blood  and  diffuses  into  the  tissue  cells.  At  the  same 
time  carbon  dioxide  diffuses  from  the  tissues  into  the  blood  owing  to 
the  difference  in  partial  pressure  of  the  gas  in  the  two  systems.  The 
diffusion  of  each  gas  goes  on  entirely  independently  of  the  other  depend- 
ing only  on  the  respective  diffusion  constants  and  the  variation  in  partial 
pressure  of  each  gas  in  the  two  liquid  S3'^stems.  There  are  secondary 
reactions,  however,  which  take  place  and  have  an  important  bearing 
on  the  neutrality  regulation  of  the  blood. 

The  diffusion  of  carbon  dioxide  into  the  blood  would  obviously  in- 
crease the  carbonic  acid  and  cause  an  increase  in  cH  of  the  fluid.  How- 
ever, as  oxj'gen  diffuses  out  of  th(»  blood  and  the  oxygen  tension  is 
therebj'  reduced,  oxyhemoglobin  dissociates  into  oxygen  and  hemoglobin. 
The  two  chemical  compounds,  oxyhemoglobin  and  hemoglobin,  have 
slightly  different  chemical  proj^Mties.  In  solutions  having  the  reaction 
of  the  blood  both  act  like  weak  acids,  but  oxyhemoglobin  is  a  stronger 
acid  than  hemoglobin.  (K  for  o.xyhemoglobin  =  1  X  10~^';  K  for 
reduced  hemoglobin  =  1  X  1()~*-'.)  The  loss  of  ox>'gen  from  the 
blood  causes  some  of  the  acid  oxyhemoglobin  to  change  into  the  weaker 
acid,  hemoglobin.  This  is  entirely  analogous  to  a  solution  of  hydro- 
chloric acid  suddenly  being  transformed  to  acetic  acid.  The  resulling 
.solution  in  both  cases  would  l)e  more  alkaline.  But  at  the  time  when 
the  blood  tends  to  become  more  alkaline  due  to  the  change  of  oxyhemo- 
globin to  hemoglobin,  carbonic  acid  enters  from  the  tissues. 

As  all  of  the  above  reactions  are  equilibrium  reactions,  the  obvious 
corollary  is  that  the  entrance  of  carbon  dioxide  with  a  resulting  increase 
in  cH  will  tend  to  increase  th<' dissociation  of  oxyhemoglol)in  and  incnvisi* 
of  oxygen  tension,  thereby  facilitating  the  diffusion  of  o.xygen  from  the 
blood  into  the  tissues.  Exactly  the  reverse  of  this  mechanism  is 
encountered  in  the  lungs.  Tin*  cntrancv  of  oxygen  into  tlu»  blood  with 
consequent  increase  in  oxyhemoglobin  tends  to  increase  the  acidity  of 
the  solution,  wjtting  free  some  carbon  dioxide  from  the  bicarbonates, 
and  to  accclerat<'  the  diffusion  of  carbon  dioxi(l<'  into  tli(>  nlvcolar  air. 

The  series  of  reactions  taking  place  among  the  various  buffer  mixtures 
in  the  bloo<l  has  Ixjen  adequately  explained  in  Van  Slyke's  paper 
(1921,  a)  on  tlu?  carbon  dioxide  carriers.  From  his  discussion  it  will  be 
evident  that  the  major  portion  of  the  carbon  dioxide  carried  from  the 
tiwnieN  to  the  lungs  is  carried  in  the  form  of  bicarbonate*  salts  of  the 
bases  present  in  the  blmMl.     The  base  is  furnished  by  the  various  buffer 
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mixtures  of  the  blood,  mainly  by  the  hemoglobin.  The  oxyhemoglobin 
and  reduced  hemoglobin  exist  in  the  l^lood  partly  as  free  acids  and 
partly  as  salts.  As  oxyhemoglobin  is  the  stronger  acid  the  proportion 
of  salt  to  free  acid  is  greater  than  in  the  case  of  reduced  hemoglobin,  at 
the  same  cH. 

BHbOz  >BHb 

HHbOo     HHb 

If  oxyhemoglobin  changes  to  reduced  hemoglobin,  some  of  the  base 
may  go  to  form  bicarbonate  without  change  in  cH  of  the  blood.  Thus, 
in  the  tissues,  as  oxj'gen  leaves  the  l)lood  and  CO2  enters,  a  certain 
quantity  of  CO2  will  be  neutralized  without  change  in  reaction  of  the 
blood  (isohydrically) .  But  if  more  COo  enters  than  can  be  neutralized 
by  this  reaction,  the  cH  of  the  blood  increases  with  a  consequent 
"liberation"  of  base  from  all  the  buffers  of  the  blood.  As  a  result,  in  all 
of  the  ratios: 

BHb         BHbOa  BBHPO4  B  protein 

HHb        HHbOo  BHHPO4  H  protein 

the  nmnerators  will  be  decreased  and  the  denominators  increased. 

Van  Siyke  (1921a)  calculated  the  extent  to  which  the  various  buffer 
systems  play  a  part  in  carrying  carbon  dioxide,  using  data  from  the 
papers  of  Christiansen,  Douglas  and  Haldane  (1914)  and  Joffe  and 
Poulton  (1920-21)  and  supplying  the  necessary  approximations  at 
places  where  the  data  were  incomplete.  His  calculations  indicated 
that  the  total  absorption  of  carbon  dioxide  due  to  base  furnished  by 
hemoglobin  accounts  for  84  per  cent  to  94  per  cent  of  the  total  carbon 
dioxide  absorbed  with  a  change  in  pH  of  0.025  to  0.09. 

Recently  Doisy,  Briggs,  Eaton  and  Chambers  (1922)  have  carried 
out  more  complete  exper.'ments  to  obtain  an  evaluation  of  the  buffers 
of  the  blood.  From  determinations  of  the  CO2  absorption  curver^  of 
oxygenated  and  reduced  blood  and  a  hemoglobin  solution,  and  deter- 
minations of  inorganic  phosphate,  they  have  calculated  the  carbon 
dioxide  carrying  power  of  the  various  systems.  Their  results,  recorded 
in  the  table  below  are  valuable  in  yielding  a  closer  experimental  proof 
of  the  value  of  the  various  buffers  and  are  the  most  exact  available  at 
present.  But,  owing  to  the  numerous  assmnptions  necessary  on  account 
of  lack  of  available  data  these  calculations  are  only  close  approximations. 

It  may  now  be  stated  without  a  doubt  that  by  far  the  greater  part  of 
the  CO2  entering  the  blood  from  the  tissues  is  carried  to  the  lungs  as  the 


304 


D.    WRIGHT   WILSON 


u 


salt  of  base  released  from  hemoglobin.  Half  or  more  of  the  exchange 
takes  place  due  to  the  isohydric  change  of  oxyhemoglobin  to  hemoglobin, 
while  a  considerable  portion  of  base  is  furnished  by  these  two  compounds 
acting  as  buffers,  in  a  solution  becoming  sHghtly  more  acid  due  to  the 
entrance  of  CO2. 

The  shift  of  chlorides  between  corpuscles  and  plasma.  It  is  of 
interest  to  note  that  hemoglobin,  the  most  important  buffer  in  the 
blood,  is  isolated  from  the  tissues  by  being  placed  in  the  corpuscles  from 

table  1 

Carbon  dioxide  carried  by  buffer  systems  studied  (Doisy,  Briggs,  Eaton,  and  Chambers 

1922) 


Total  CO,  carried  for  R.  Q.  of  0.75 

BHCO,  carried  isohydrically  BHbOj^^^HHb.. 
BHCOa  carried  by  change  of  pH 

By  hemoglobin:  BHbO,  ;=±  HHbOz 

BHb  ;=i  HHb 

By  B,HP04  in  cells  

By  separated  serum  

COj  physically  dissolved  .  

Sum,  per  cent  of  total 


Per  cent  of  total  COt  carried  by  hemoglobin . 


Arterial  blood  (pH  values  recalculated) 
VcnouH  blood  (pH  values  recalculated). 
Difference 


e.  a.  d.        w.  h.  c. 


2.32 
1.233 


0.439 
0.010 
0.089 
0.249 
2.020 


4)  — 

6^ 


53.1 


18.9 
0.43 
3.84 
10.7 
87.0 


4.23 
2.262 


1.070 
0.012 
0.19S 
0.511 
4.053 


53.5 


25.3 

0.3 

4.7 

12.1 

96.0 


72.0 


pH 


7.296 
7.283 
0.013 


78.8 


pH 


7.310 
7.280 
0.030 


J.  M. 


5.08 
2.72 


1.384 
0.013 
0.142 
0.657 
4.190 


53.5 


27.2 

0.25 

2.8 

12.9 

97.0 


80.7 


pH 


7,281 
7.244 
0.037 


wliich  it  i.s  unable  to  dialyzo.  Thi.s  i.s  peculiarly  iin[)()riaiit  for  the 
higher  orKuniHiiiH  uh  they  now  exist  because  when  in  sohition  in  th<> 
plaHinu  it  iH  quickly  eliminated  or  destroyed.  It  disturbs  the  acid-base 
balance  of  a  Kolution  on  account  of  il.s  acidic  properties.  Blood  after 
hcmolyslH  Im  more  a(;id  than  Ijcforc  (Milroy,  1917;  Fridericia,  1920; 
('ampbcU  and  Poulton,  1920-21;  Conway  and  Stepiien,  1922),  and 
while  it«  poionfial  flOj  carrying  power  is  not  alteivci,  it  can  curry  less 
COf  at  a  particul.-ii-  r\\      f 'nnwjiy  and  St«'i'l"'"  ^022)  fitid  lli.-H  uilhin 
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the  physiological  limits  of  CO2  tension  the  pH  inside  the  corpuscle 
is  0.13  lower  than  in  the  plasma  (i.e.,  the  corpuscles  are  35  per  cent  more 
acid  than  the  plasma) .  If  hemoglobin  were  present  dissolved  in  plasma 
there  would  undoubtedly  be  little  possibility  of  varying  the  concen- 
tration owing  to  disturbances  in  the  osmotic  relations  which  would 
doubtless  occur.  As  it  is,  the  concentration  of  hemoglobin  may  be 
increased  and  decreased  without  any  osmotic  disturbances  merely 
through  an  increase  or  decrease  of  the  number  of  red  cells  per  unit 
volume  of  blood. 

Hemoglobin  is  inclosed  within  a  cell  membrane  which  is  freely 
permeable  to  water  and  CO2,  but  the  red  cells  do  not  carry  all  of  the 
CO2  which  the  above  discussion  indicates  is  carried  by  base  furnished 
by  hemoglobin.  A  peculiar  change  is  found  to  take  place  which  has 
only  recently  been  adequately  explained  and  the  physiological  import 
is  far  from  being  completely  appreciated.  Schmidt  (1867)  and  Zuntz 
(1867)  independently  discovered  that  serum  from  blood  equilibrated 
with  a  high  tension  of  CO2  contained  more  titratable  alkali  than  serum 
from  the  same  blood  equilibrated  at  a  low  tension  of  CO2.  Zuntz 
erroneously  concluded  that  sodium  was  split  off  from  the  cell  proteins 
and  diffused  out  from  the  corpuscles  into  the  serum  under  the  influence 
of  increasing  CO2  tensions  and  formed  NaHCOa  in  the  serum.  H. 
Nasse  (1878)  found  that  the  chlorine  in  serum  was  decreased  when 
blood  was  treated  with  high  tensions  of  CO2.  The  work  was  confirmed 
by  Giirber  (1895),  Hamburger  (1902)  and  others,  who  also  demon- 
strated that  there  was  no  transfer  of  cations  and  that  other  anions  also 
diffused  to  some  extent.  There  were,  however,  some  observations 
indicating  a  transfer  of  cations  which  have  been  refuted  by  the  recent 
work  of  Doisy  and  Eaton  (1921)  and  of  Mukai  (1921).  Doisy  and 
Eaton  determined  that  the  source  of  confusion  had  been  due  to  failure 
to  consider  the  loss  of  water  from  the  plasma  occurring  when  blood  is 
brought  into  equilibrium  with  an  increased  CO2  tension.  Taking  this 
into  account,  they  found  by  actual  analysis  that  there  was  no  transfer 
of  sodium  or  potassium  between  plasma  and  corpuscles.  Mukai  found 
that  the  total  amount  of  ash  in  serum  remains  constant  if  allowance 
is  made  for  loss  or  gain  of  water,  indicating  that  there  is  no  exchange 
of  cations. 

The  concentration  of  hemoglobin  in  the  corpuscle  is  about  30  per  cent, 
while  the  concentration  of  proteins  in  the  serum  is  about  8  per  cent. 
When  alkali  is  furnished  by  protein  owing  to  an  increased  CO2  tension 
(increased  cH)  much  more  alkali  is  furnished  by  the  protein  solution 
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in  corpuscles.  This  tends  to  cause  a  much  more  rapid  increase  of 
NaHCOs  and  less  rapid  increase  of  cH  inside  the  cell  than  in  the  plasma. 

But  what  actually  occurs  is  that  there  diffuses  into  the  corpuscles 
not  only  H2CO3  (or  CO2)  to  react  with  the  cell  proteins  and  other 
buffers,  but  also  HCl  formed  from  the  NaCl  of  the  plasma.  The  loss 
of  HCl  permits  the  plasma  bicarbonate  to  increase  more  rapidly  than 
would  be  the  case  if  only  the  plasma  buffers  were  reacting.  The  loss 
of  CI  from  the  plasma  accounts  for  about  three-fourths  of  the  gain  of 
plasma  bicarbonate  (Van  Slyke  and  Cullen,  1917;  Fridericia,  1920; 
L.  J.  Henderson,  1921;  Warburg,  1922).  Doisy,  Eaton  and  Chouke 
(1922)  calculate  that,  of  the  total  base  furnished  to  form  plasma  bi- 
carbonate when  blood  absorbs  CO2  in  changing  reaction  from  pH 
7.45  to  7.25,  16  per  cent  is  furnished  by  the  non-migrating  serum  buffers 
(plasma  proteins,  amino  acids  and  organic  acids).  Of  the  remaining 
84  per  cent,  80  per  cent  is  furnished  by  the  migration  of  CI  into  the  cor- 
puscles and  the  other  4  per  cent  probably  by  the  migration  of  other  acid 
radicles  such  as  SO4  (deBoer,  1917)  and  PO4  (Doisy  and  Eaton,  1921). 
Doisy  and  Beckmann  (1922)  demonstrated  that  the  CI  shift  occurs  in 
vivo  by  finding  a  change  l)etwcen  arterial  and  venous  blood.  The 
transfer  of  CI  is  such  that  about  half  of  the  added  CO2  is  carried  in  the 
plasma  and  half  in  the  cells.  The  actual  reactions  which  take  place  in 
blood  when  CO2  and  O2  are  absor})ed  or  given  off  is  shown  in  the  following 
chart  taken  from  an  article  by  Austin,  Cullen,  Hastings,  McLean, 
Peters  and  Van  Slyke  (1922). 

An  explanation  for  the  cause  of  the  transfer  of  chloride  between 
corpuscles  and  plasma  has  been  found  in  applying  a  consideration  of 
Donnan's  theory  of  membrane  equilibrium  to  the  simpler  phases  of  the 
problem.  (Warburg,  1922;  Barcroft,  Bock,  A.  V.  Hill,  Parsons,  Parsons, 
and  Shoji,  1922;  Van  Slyke,  Wu  and  Mclx^an,  1923.)  Donnan  pro- 
poned in  1911  an  explanation  for  the  unequal  distribution  of  diffusible 
ioHH  on  the  two  sides  of  a  nicnibraiie  which  is  itniMMjneubl(>  to  one  ion  in 
solution.  Take  for  exainpk',  two  solutions,  ouv  containing  Na  ions  and 
CI  ions  and  i\\v  other  H  ions  and  CI  ions,  s<>parat<Kl  by  a  membrane 
iinf)<jnn<*able  to  the  Na  ioiLs  but  through  which  II  and  CI  ions  can  pass 
frc<'K'.     This  muv  1k»  represented  by  the  following  scheme. 


(1) 

(2) 

Na 

H 

CI 

CI 
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There  will  be  a  tendenc}^  for  the  H  ions  and  CI  ions  to  distribute  them- 
selves uniformly  on  each  side  of  the  membrane.  Let  us  assume  that  at 
the  beginning  the  CI  ions  were  in  equal  concentration  in  both  solutions. 
Some  H  ions  will  diffuse  from  (2)  into  (l)  but  they  can  only  diffuse 
along  with  an  equivalent  quantity  of  CI  ions.  This  leads  to  an  excess 
of  CI  ions  in  (1)  and  a  tendency  for  them  to  diffuse  back  into  (2). 
When  equilibrium  is  reached  it  is  found  that  some  H  and  CI  ions  have 
diffused  from  (2)  into  (1)  and  the  concentration  of  CI  ions  is  greater  in 

(1)  while  the  concentration  of  H  ions  is  greater  in  (2).  Donnan  has 
proved  that  the  distribution  is  such  that 

(H),XCCl)i  =  (H)2X(C1)2 

The  larger  the  concentration  of  the  non-diffusible  ion  Na,  the  greater 
will  be  the  inequalities  in  H  and  CI  ion  concentration  on  the  two  sides 
of  the  membrane.  Donnan  and  Harris'  experiments  (1911)  indicate 
that  if  the  ratio  of  NaCI  to  HCl  is  100  to  1  at  the  beginning,  only  about 
1  per  cent  of  the  HCl  will  diiTuse  from  (2)  to  (1).  This  theory  un- 
doubtedly has  wide  applications  in  biologj',  as  Donnan  has  suggested, 
and  should  prove  very  fruitful  in  studying  the  unequal  distribution  of 
ions  which  occurs  frequently  in  many  biological  tissues. 

If  we  assume  that  the  semi-permeable  membrane  is  the  membrane  of 
the  red  blood  corpuscle  and  that  (1)  represents  the  blood  plasma  and 

(2)  the  fluid  within  the  corpuscles  we  have  a  very  simplified  picture  of 
the  equilibria  in  the  blood  and  one  which  shows  why  the  red  cells  can 
be  more  acid  than  the  plasma  which  surrounds  them.  The  actual 
conditions  are  far  more  complicated.  There  arc  similar  equilibria 
between  bicarbonates,  sulphates  and  inorganic  phosphates  inside  and 
outside  of  the  corpuscle.  Neither  the  basic  cations  (sodium,  potassium, 
magnesiuin  and  calcium),  the  proteins  nor  some  organic  phosphorus 
compounds'  can  difTu.se  through  the  cell  membrane.  As  tlu^  sulphates 
and  difFusible  phosphates  are  present  in  very  low  concentration  w(^  niay, 
for  Himplicity,  con.sider  the  diffusible  ions  as  being  only  11,  CI  and  IK'Oj. 
From  Donnan's  law  of  memlmme  ecjuilibriuni  tlicrc  will  be  a  distrilnition 
of  the  ions  on  the  two  sides  of  the  corpusciilnr  incmbrane  so  that:* 

»  liloor  iiiilH)  hoM  Hhnwn  timt  thnro  iiro  200  iukiii.  ot  coiiihiiM'd  phosphoric  acid 
per  100  cc.  of  corpu«olf*M. 

*The  sublottcr  in(lirnt(>H  ronrcntnilion  in  lh<*  corptiHclcH  C'  or  in  the  Hcnirn  S. 
Tbi«  diMUMton  in  modiflctl  from  Huroroft  ot  al.  (1022). 
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Therefore : 


(H)c  X  (Cl)c  =  (H)s  X  (CDs 
(H)c  X  (HC03)c  =  (H)s  X  (HCOa)^ 

(H)c       (CDs       (HC03)8 


(H)s" 

(CDc       (HC03)c 

and 

(H)c 

(CDs  +  (HC03)s 

(H)s       (CDc  +  (HC03)c 
As  the  (H)  and  serum  protein  concentration  are  very  small  (letting  (B) 
represent  concentration  of  total  basic  ions) 

(B)s  =  (CDs  +  (HC03)s 

(B)c  =  (Cl)c  +  (HC03)c  +  (Hb)c  +  (P04)c 

(H)c_  (B)s 

(H)s       (B)c  -  (Hb)c  -  (POJc 

Van  Slyke,  Wu  and  McLean  have  recently  shown  that  these  as  well 
as  other  relations  hold  true  only  when  the  concentrations  are  calculated 
in  terms  of  gram  equivalents  of  solute  per  grams  of  water  as  used  in 
osmotic  pressure  calculations  rather  than  in  terms  of  gram  equivalents 
of  solute  per  volume  of  solution  as  customarily  employed.  As  the  water 
concentration  in  plasma  is  about  90  per  cent  and  that  of  corpuscles 
70  per  cent  the  differences  resulting  from  the  two  methods  of  calculation 
are  considerable.  Although  the  total  concentration  of  base  in  the  cor- 
puscles (calculated  on  the  water  basis)  is  greater  than  in  serum,  the 
concentration  of  base  actively  concerned  in  the  Donnan  equilibrium  is 
less  owing  to  the  large  proportion  which  is  combined  with  (balanced  by) 
hemoglobin  (and  organic  phosphate)  and,  therefore,  has  no  influence  on 
the  equilibrium.  C^^^^^^ding  to  the  above  equation,  if  the  concentration 
of  effective  base  is  less  in  corpuscles,  the  cH  of  the  corpuscles  must 
be  greater  than  the  cH  of  the  plasma/  This  conclusion  based  on 
Donnan 's  theory  of  membrane  equilibrium  is  substantiated  by  many 
experiments  (Milroy,  1917;  Parsons,  1917;  Fridericia,  1920;  Joffe  and 
Poulton,  1920-21;  Campbell  and  Poulton,  1920-21;  Evans,  1921b; 
Conway  and  Stephen,  1922)  which  demonstrate  that  the  reaction  in  the 
corpuscle  is  actually  more  acid  than  the  plasma.  Warburg  (1922) 
reports,  that  at  pH  7.4,  the  pH  of  horse  corpuscles  is  0.09  to  0.13  less 
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than  plasma  and  Conway  and  Stephen  (1922)  have  shown  with  human 
blood  that  laked  corpuscles  have  a  pH  0.13  lower  than  plasma. 

There  is  a  tendencj^  for  each  ion  to  distribute  itself  equally  between 
solutions  inside  and  outside  of  the  corpuscle  which  is  counteracted  by 
the  attractive  forces  of  the  non-dififusible  ions,  with  a  resultant  unequal 
distribution  when  equilibrium  is  finally  reached.  When  blood  is 
brought  in  contact  with  a  higher  tension  of  CO2,  the  proteins  of  the 
corpuscles  furnish  more  base  than  do  the  proteins  of  the  plasma  so  that 
the  increase  in  (HCO3)  will  be  greater  in  corpuscles  than  in  plasma. 
As  (HCO3)  increases  more  rapidly  in  corpuscles  the  (H)  within  the 
corpuscles  will  rise  less  rapidly  than  in  the  plasma. 

But  with  the  unequal  increase  in  (HCO3)  and  (H)  there  is  a  dis- 
turbance of  the  ion  equihbria  and  a  shifting  of  the  ions  results.  Some 
HCO3  ions  diffuse  out  of  the  corpuscles  and  about  an  equal  niunber  of 
CI  ions  diffuse  in.  Other  diffusible  ions  in  the  plasma  (PO4  and  SO4) 
take  part  in  the  interchange  so  that  the  rise  of  (HCO3)  in  the  plasma 
can  be  almost  completely  accounted  for  by  loss  of  other  ions  from  the 
plasma.  Diffusion  takes  place  until  the  increase  of  HCO3  is  distributed 
practically  equallj'-  between  corpuscles  and  plasma.  The  cause  of  the 
shifting  of  all  the  diffusible  ions  when  only  the  equilibrium  of  (HCO3) 
has  l)een  disturbed  is,  as  stated  by  Warburg,  in  accordance  with 
Donnan's  theory  and  due  to  the  tendency  for  the  new  equilibria  to  be 
established  by  a  shifting  which  causes  the  same  relative  change  in  con- 
centration (activity)  of  all  diffusible  ions. 

These  mechanisms  are  of  importance  in  a  consideration  of  the  physi- 
ologj'  of  neutrality  regulation.  The  corpuscles  act  as  a  storehouse  for 
ba«e  which  is  furnished  when  o.xygen  is  lost  or  carbon  dioxide  absorbed 
by  the  blood.  By  this  mechanism  the  corpuscles  neutralize  most  of 
the  carbonic  acid  which  enters  the  blood  and,  as  a  result,  the  acidity  of 
the  plasma  increases  nm(;h  less  rapidly  tium  it  otherwise  would.  Sepa- 
rated serum  (serum  with  no  corpuscles  present)  changes  in  reaction 
with  changes  of  COj  tension  nuich  more  nii)idly  thunjjue  serum  (serum 
in  contact  with  corpascles)  (Joffc  and  Poulton,  1920^  21;  Evans,  J921b). 

The  storage  or  release  of  H^ions  from  the  corpuscles  with  increase 
or  decrease  in  COt  tension  provides  a  much  more  delicate?  adjustmc^nt  of 
reaction  in  the  plasma  and  large  clianges  in  ('O2  tension  can  cause  only 
small  changes  in  its  cH.  With  a  limited  change  in  cH  of  plasma  the 
variation  in  CX)t  tension  possible  will  depend  on  the  amount  of  II  ions 
which  can  Im:  taken  up.  This  will  depend  mainly  on  the  r(>lativc 
quantity  of  corpusclet  available  and,  of  coiu-se,  on  the  amount  of  the 
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buffers  in  each  corpuscle.  The  latter  variation,  however,  seems  to  be 
slight.  The  increased  amount  of  buffer  available  as  the  percentage  of 
corpuscles  increases  produces  a  steep  CO2  absorption  curve:  relatively 
smaller  amounts  of  CO2  absorbed  at  low  CO2  tensions  and  relatively 
larger  amounts  absorbed  at  high  tensions.  In  the  body,  therefore, 
the  CO2  interchange  can  occur  with  smaller  changes  in  reaction  of  the 
blood,  or  conversely,  a  greater  COo  interchange  is  possible  within  the 
normal  limits  of  blood  reaction.  The  other  extreme  is  evident  when  the 
quantity  of  corpuscles  is  low  in  a  unit  volume  of  blood.  The  CO2 
absorption  curve  approaches  that  of  separated  serum,  so  that  the  CO2 
interchange  in  the  body  causes  greater  changes  in  cH  of  the  blood. 

Exchange  of  water  between  corpuscles  and  plasma.  H.  Nassc 
(1878)  observed  in  experiments  on  the  C02-carrying  power  of  blood, 
that  the  corpuscl.es  swelled  when  treated  with  increasing  tensions  of 
CO2.  This  phenomenon  was  studied  repeatedly  but  no  adequate 
explanation  was  available  until  Spiro  and  Henderson  (1909)  proposed 
the  explanation  embodied  in  the  following  discussion. 

With  the  change  in  reaction  due  to  the  increase  or  decrease  in  carbonic 
acid  in  the  blood  there  are  changes  in  the  volume  of  the  red  cells  brought 
about  by  alteration  in  the  osmotic  pressures  of  the  fluids  inside  and  out. 
When  carbonic  acid  is  added  to  blood  the  cH  is  increased  and  base  is 
liberated  from  the  protein  salt  to  form  ionized  bicarbonate  and  unionized 
protein.  The  addition  of  a  molecule  of  carbonic  acid,  therefore,  causes 
the  formation  of  three  osmotically  active  particles  in  place  of  two.  This 
reaction  takes  place  to  a  greater  extent  in  the  corpuscles  than  in  the 
plasma,  as  described  above.  The  osmotic  pressure  of  the  corpuscles  will, 
therefore,  increase  more  rapidly  than  that  of  the  plasma.  As  the  cor- 
puscles are  elastic  and  permeable  to  water,  water  will  enter  and  cause 
the  corpuscles  to  swell  until  the  osmotic  pressures  inside  and  out  are  the 
same.  This  reaction  will  take  place  regardless  of  the  CI  shift  which 
apparently  has  nothing  to  do  with  the  total  osmotic  changes.  Van 
Slyke,  Wu  and  McLean  (1923)  have  found  that  the  water  interchange 
can  be  explained  quantitatively  only  when  the  concentrations  of  osmoti- 
cally active  particles  are  calculated  in  terms  of  gram  equivalents  per 
grams  of  water. 

The  change  in  volume  of  the  cells  causes  an  increase  or  decrease  in 
water  content  of  the  surrounding  plasma.  The  loss  or  gain  of  water  by 
the  plasma  is  not  accompanied  by  loss  or  gain  of  salts  (Doisy  and  Eaton, 
1921;  Mukai,  1921;  Warburg,  1922)  so  their  concentration  changes  with 
change  in  volume  of  the  cells.     These  alterations  in  concentration  have 
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been  neglected  until  recently  and  have  changed  substantially  some 
conclusions  based  on  analyses  of  plasma. 

The  increase  or  decrease  in  volume  is  not  great.  Doisy  and  Eaton 
found  in  beef  blood  outside  the  body  that  the  corpuscles  occupied  43 
volumes  per  cent  in  an  atmosphere  of  3  per  cent  CO2  and  46  volumes 
per  cent  in  pure  CO2.  These  authors  studied  the  change  in  cell  volume 
between  arterial  and  venous  blood  and  found  wide  variations  with  an 
average  increase  in  venous  blood  of  0.35  volume  per  cent.  It  should  be 
emphasized,  however,  that  the  changes  taking  place  within  the  body  are 
much  more  comphcated  than  in  a  test  tube  and  the  regulation  of  the  fluid 
interchange  between  blood  and  tissues  cannot  be  explained  so  simply. 

The  equilibria  in  the  blood.  In  the  normal  interchange  of  gases 
in  lungs  and  tissues  all  of  the  ox\'gen  is  not  given  up  in  the  tissues  nor  all 
the  carbon  dioxide  in  the  lungs.  The  large  excess  remaining  in  the 
blood  at  all  times  increases  the  flexibilitj^  of  the  regulating  mechanisms 
and  furnishes  a  great  factor  of  safety  for  periods  of  unusual  activity  on 
the  part  of  the  organism. 

The  following  table  shows  the  distribution  of  the  constituents 
which  we  have  discussed  above,  in  normal  human  blood  under  resting 
conditions.     The  concentrations  are  calculated  on  the  volume  basis. 


ARTERIAL  RLOOO 

VENOUS  BLOOD 

(1)  pH  7.30-7.40 

7.27-7.37 

(2)  Free  CO,  1 .5-4.0  vol.  per  cent  (0.67-1 .8  mM) 

1.7-4.2    vol.    per    cent    (0.76- 

1.87  niM) 

CO,  tenBion  22-63  mm.  Hg. 

25-65  mm.  Hg. 

(3)  Combined  CO,  31-56  vol.  per  cent  (14-25 

36-61  vol.  per  cent  (16-27  mM) 

mM) 

(4)  PlMma  CI  370-390  mgm.  per  100  cc.  (105- 

360-370  mgm.  jior  100  cc.  (102- 

110  mM) 

107  lu.M) 

(6)  Percentage  saturation  of  lib  93  9S 

62-85 

(6)  0,  tonoion  84-100  mm.  Hg. 

30-60  mm.  Hg. 

0,  content  17-22  vol.  per  cent  (7.6-9.8 

11-16  vol.  per  cent  (4.9-7.1  inM) 

mM) 

Under  normal  resting  condition-s  these  vahics  show  little  tendency 
to  change.  The  extreme  constancy  is  brought  about  by  the  delicate 
regulation  of  the  aeration  of  the  blood  in  the  lutigs.  It  is  important  to 
note  that,  an  L.  J.  HenderHon  (1021)  Iuih  empluusized,  a  chuiige  in  any 
one  of  the  «ix  diflferent  vuriubli's  listed  above  causes  a  (rhange  in  all  or 
all  but  one  of  the  otherH.     The  work  of  Ilaldane  (1922)  has  demonstrated 
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that  the  variations  in  oxygen  and  carbon  dioxide  are  the  factors  of 
fundamental  importance  to  the  organism  and  that,  of  these,  the  regu- 
lating mechanisms  are  mainlj'  concerned  with  the  carbon  dioxide 
elimination. 

The  stimulus  of  the  respiratory  center.  The  ventilation  of  the 
lungs  is  regulated  by  the  respiratory  center  in  the  medulla.  Rhythmic 
expansion  and  contraction  of  the  lungs  is  brought  about  by  nerve 
impulses  from  the  center  to  the  muscles  concerned  with  respirator}'  move- 
ments. The  movements  are  adjusted  in  rate  and  depth  so  that  the 
blood  becomes  sufficiently  aerated.  As  the  activity  of  the  center  and 
the  resultant  breathing  are  regulated  by  the  blood  which  passes  through 
it,  it  is  important  to  determine  what  property  of  blood  calls  the  center 
into  action. 

The  specific  substance  which  exercises  control  over  the  chemical  regu- 
lation of  respiration  has  been  the  subject  of  great  discussion  and  fre- 
quent experimentation.  Haldane  and  Priestley  (1905)  demonstrated 
conclusively  that  variations  in  the  alveolar  CO2  tension  called  forth 
proportional  responses  of  the  respiratory  center  and  consequent  venti- 
lation of  the  lungs  and  concluded  that  in  this  way  the  CO2  tension  of  the 
respiratory  center  controlled  the  arterial  COo  tension.  The  experi- 
ments of  Winterstein  (1911,  1915)  and  Hasselbalch  (1912)  on  animals 
seemed  to  prove  that  the  hydrogen  ion  concentration  of  the  blood  is  the 
effective  stimulus  rather  than  the  CO2  tension.  Laqueur  and  Verzar 
(1911),  however,  believed  that  the  carbonic  acid  itself  is  a  specific 
stimulus  to  the  respiratory  center  rather  than  the  H  ions  which  the  acid 
might  produce.  Since  that  time  physiologists  have  been  divided  as  to 
the  actual  agent  which  produces  the  stimulation,  though  the  general 
view  has  been  that  the  H  ions  are  the  effective  stimulus. 

Haggard  and  Y.  Henderson  (1919)  have  suggested  another  factor, 
"respiratory  X"  as  an  additional  stimulus.  Winterstein  (1921)  recently 
modified  his  theory  proposing  two  ways  in  which  the  cH  of  the  center 
may  be  influenced:  first,  by  an  increase  or  decrease  in  cH  of  the  blood, 
and  second,  by  the  formation  of  acids  in  the  center  itself.  The  second 
postulate  explains  the  response  of  the  center  in  conditions  of  oxygen 
want  as  due  to  the  formation  of  increased  quantities  of  acid  metabolic 
products  in  the  center  resulting  in  an  increased  cH.* 

The  problem  of  the  specific  stimulus  has  not  been  an  easy  one  to  solve. 
If  the  stimulation  has  something  to  do  with  the  CO2  tension  of  the  solu- 
tion, we  must  consider  the  possible  action  of  CO2,  H2CO3,  H  ions  and 

*See  also  Gesell  (1923). 
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HCO3  ions  (we  cannot,  at  present  distinguish  between  dissolved  COj 
and  H2CO3  so  they  may  be  considered  together).  Changes  in  CO2 
tension  are,  therefore,  usually  accompanied  by  similar  changes  in  cH. 
It  is  possible,  however,  to  increase  the  CO2  tension  and  at  the  same  time 
decrease  the  cH  but  only  by  introducing  other  complicating  factors 
such  as  Na  ions  and  HCO3  ions  into  the  solutions.  These  other  ions 
may  stimulate  the  center  or  may  change  its  irritability  to  other  stimuli. 

The  following  brief  summary  of  evidence  from  recent  experimentation 
may  illustrate  the  difficulties  attending  this  work.  Hooker,  Wilson 
and  Connet  (1917)  showed  that  when  the  medulla  of  a  dog  was  per- 
fused with  blood  having  a  cH  maintained  by  CO2,  the  response  of  the 
respiratory  center  was  much  greater  than  when  the  perfusion  was  carried 
out  with  blood  in  which  the  cH  was  made  the  same  by  adding  HCl. 
In  these  experiments,  though  the  cH  and  Na  ion  concentration  were 
kept  constant,  the  blood  which  caused  the  greater  stimulation  con- 
tained higher  concentrations  of  H2CO3  (+CO2)  and  HCO3.  Scott's 
(1918-19)  experiments,  demonstrated  that  the  respiratory  center  reacted 
similarly  to  increasing  CO2  tensions  whether  the  reaction  of  the  blood 
was  normal  or  more  alkaline  than  normal.  In  these  experiments  it 
would  appear  that  the  respiratoiy  center  responded  to  changes  in  H2CO3 
(-I-CO2)  or  HCO3  regardless  of  the  reaction  of  the  blood.  When  breath- 
ing atmospheric  air  the  ventilation  was  practically  the  same  in  each 
experiment,  though  the  HCO3  was  higher  in  one  than  in  the  other. 
Collip  (1920-21)  showed  that  slow  injections  of  NaHCOs  caused 
increased  breathing.  Here  it  may  V)e  assumed  that  increased  breathing 
was  accompanied  by  an  increase  in  Na,  HCO3  and  H2CO3  and  a  decrease 
in  cH  of  the  blood.  Dale  and  Evans  (1922)  injected  NaPICO,  until 
the  reaction  of  the  blood  was  pH  8.0  without  producing  apnea.  As  in  the 
experiments  of  ('ollip,  the  low  cH  was  accompanied  by  increased  Na, 
HCOs  and  HjCOj.  In  both  of  these  investigations  the  IliCOs  seemed  to 
be  leas  effective  in  the  presence  of  high  HCOs  and  low  cH. 

^  The  cxperiniontH  outlined  ul)ove  nil  appear  to  point  to  the  conclusion 
that  an  increase;  in  HjCJOj  or  HCOj  stinuilatcH  the  respiratory  center 
and  thai  it  is  relatively  insensitive  to  variations  in  cH  as  such.  It 
should  be  noted  that  all  of  these  studies  were  made  on  anesthetized  or 
deciTcbrate  aniinals,  and  on  the  alkaline  side  of  the  normal  reaction  of 
the  I)I(hmI. 

Heemingly  contradictory  evidence  has  been  obtained  by  studies  on 
men  with  apparently  nonnal  respiratory  centers.  In  ordinary  typos  of 
"addiwJH"  tlif  blood  mav  conliiin  intich  less  than  the  normal  roncen- 
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tration  of  HoCOg  and  HCO3  with  the  cH  and  respiration  both  probably 
slightly  increased.  On  the  other  hand,  after  bicarbonate  feeding,  the 
blood  is  high  in  H2CO3  and  HCO3  while  the  respiration  is  depressed 
and  the  cH  probably  lowered  somewhat.  The  experiments  of  Haggard 
and  Y.  Henderson  (1919)  are  in  agreement  with  the  above.  After 
forced  breathing,  apnea  results  with  low  H2CO3,  low  HCO3  and  low  cH. 

From  the  available  data  it  seems  apparent  that  both  cH  and  the 
concentration  of  H2CO3  (or  HCO3)  may  play  a  part  in  the  stimulus  of 
the  respiratory  center.  In  attempting  to  correlate  the  seemingly 
conflicting  evidence,  the  lack  of  available  data  on  the  permeability  of 
the  membranes  between  the  blood  plasma  and  the  respiratory  center 
renders  an  intelligent  discussion  difficult.  Jacobs  (1920,  a,  b)  has 
shown  that  CO2  or  H2CO3  has  great  power  of  penetration  through  animal 
fluids  and  membranes.  He  has  suggested  that  the  stimulation  of  the 
respiratory  center  is  due  not  only  to  the  hydrogen  ions  from  the  blood 
acting  at  the  cell  surface  but  also  to  the  action  of  the  rapidly  penetrating 
CO2  in  changing  the  cH  within  the  center  itself. 

One  may  postulate  that  the  equilibrium  existing  between  the  plasma 
and  respiratory  center  may  be  somewhat  analogous  to  the  equilibriimi 
existing  between  corpuscles  and  plasma,  though  we  do  not  know  at 
present  what  differences  in  permeability  may  exist  in  the  two  systems. 
If  we  assume  an  unequal  distribution  of  bicarbonate  and  H  ions  between 
plasma  and  center  and  a  mechanism  similar  to  that  found  in  blood,  i.e., 
with  increased  alkalinity  the  difference  in  cH  between  center  and  plasma 
is  increased,  the  following  relations  would  occur.  As  bicarbonate  is 
increased  in  the  plasma  the  difference  between  center  and  plasma  is 
increased.  As  H2CO3  increases  to  restore  the  cH  and  distributes  itself 
proportionately  between  center  and  plasma  the  cH  in  the  center  would 
increase  more  rapidly  due  to  the  relatively  lower  HCO3.  The  increased 
cH  of  the  center  would  stimulate  respiration  increasing  the  elimination 
of  CO2  until  the  cH  of  the  center  was  restored  to  normal,  at  which  time 
the  plasma  would  be  more  alkaline  than  normal.  With  low  bicarbonate 
in  the  plasma  the  difference  between  plasma  and  center  will  be  less  and 
a  normal  cH  of  the  center  will  be  maintained  when  the  cH  of  the  plasma 
is  greater  than  normal.  With  these  assumptions  all  of  the  experiments 
are  in  agreement  though  the  relations  are,  of  course,  far  from  being 
explained  quantitatively. 

The  threshold  of  stimulation  of  the  respiratory  center  by  materials 
from  the  blood  is  definitely  altered  under  certain  conditions.  When  the 
center  receives  an  insufficient  amount  of  oxygen,  respiration  is  greater 
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with  the  same  concentration  of  COo  or  H  ions;  the  center  is  said  to  be 
more  irritable.  Whether  or  not  this  is  due  to  change  in  concentration 
of  Hions,  in  the  center  itself,  as  suggested  by  Winterstein,  has  not  been 
demonstrated.  Decreased  irritabihty  is  indicated  after  morphine  in- 
jections when  a  greater  cH  is  required  to  stimulate  normal  respiration. 
No  single  explanation  is  available  to  cover  all  conditions  which  are  now 
described  as  due  to  change  in  irritability  of  the  center  though  one  may 
imagine  that  changes  in  irritability  may  be  in  some  instances  merely 
expressions  of  physico-chemical  changes  in  the  equilibrium  existing 
between  the  blood  plasma  and  fluids  in  the  center. 

Although  the  specific  stimulus  of  the  rospiratoiy  center  is  chemical, 
there  is  also  a  nervous  mechanism  regulating  respiration  which  normally 
comes  into  play.  When  the  lungs  are  distended  certain  sensory  nerve 
endings  of  the  vagus  in  the  lung  tissue  are  stimulated,  causing  a  reflex 
inhibition  of  inspiration  and  onset  of  expiration.  Similarly  the  collapse 
of  the  limgs  stimulates  other  nerve  endings  bringing  about  a  new  in- 
spiration. Thus  the  rate  of  respiration  is  increased  above  the  rate  found 
when  the  vagi  are  cut.  This  nervous  regulation  of  respiration  in 
conjunction  with  the  chemical  regulation  makes  possible  very  fine 
adjustments  to  the  needs  of  the  body.  When  greater  ventilation  is 
needed,  due,  for  instance,  to  increased  cH  in  the  blood,  it  can  be  most 
effectively  accomplished  by  an  increase  in  both  rate  and  depth  of  respira- 
tion. The  respiratory  center,  under  these  circumstances,  sends  out 
stronger  impulses  than  usual,  increasing  the  depth  of  respiration,  but 
tending  to  cause  a  decrease  in  rate.  The  rate  is  maintained  or  even 
augmented  by  the  reflex  action  of  the  vagus. 

Regulation  of  circulation.  The  importance  of  the  circulation 
in  a  study  of  the  acid-base  balance  in  the  body  is  evident,  since  it  is  by 
means  of  the  blood  8tr(Mim  that  the  acid  products  of  mctal)()lism  are 
transported  to  the  lungs  and  kidneys.  Changes  in  the  arterial  blood 
pressure  have  been  studied  in  attempting  to  obtain  some  information 
concerning  the  factors  influencing  the  t ransportulion  of  th(\se  materials. 
DiminiMJied  blooil  pressure  and  circulatory  faihire  following  ex(^essive 
artificial  respiration  have  been  studied  by  Y.  Henderson  (1008)  and 
and  V.  IlendjTHon  and  Haggard  (191H)  and  have  been  attributed  to 
the  loss  of  carlmnic  acid.  More  recently  the  view  luus  been  held  that 
the  lowering  in  blcMMJ  pressure  is  ritie  to  diminished  cll  of  the  blood 
(Y.  Hendenwm,  and  Haggard,  1020;  Haldane,  1022).  Tii(>  recent  work 
of  Dale  and  Evans  (1922)  demonstrates  conclusively  that  the  effect 
obtained  by  these  investigators  must  have  been  due,  not  to  the  change 
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in  cH  of  the  blood,  but  directly  to  the  decrease  in  H2CO3,  independent 
of  the  cH  of  the  blood.  Dale  and  Evans  showed  that  a  change  of  pH 
in  arterial  blood  to  8.0  by  injecting  sodium  bicarbonate  did  not  produce 
any  change  in  arterial  pressure,  while  the  removal  of  H2CO3  by  excessive 
ventilation  with  a  similar  change  of  pH  did  cause  an  extreme  fall  in 
arterial  pressure.  The  pH  of  both  arterial  and  venous  blood  changes 
comparably  by  these  procedures.  Their  experiments  show  that  the  fall 
of  arterial  pressure  which  accompanies  excessive  artificial  ventilation  is 
due  to  the  depression  of  the  vasomotor  centers  of  the  bulb  and  spinal 
cord  by  a  decrease  in  the  concentration  of  H2CO3  in  the  blood  and  not 
due  to  the  change  in  cH.  If  we  attempt  to  apply  these  conclusions  to 
the  smaller  variations  which  may  occur  in  the  more  normal  individual,  a 
compUcation  is  encountered  similar  to  that  found  in  the  case  of  the  respi- 
ratory center,  i.e.,  there  seem  to  be  no  constant  differences  in  blood  pres- 
sure between  individuals  with  high  and  low  concentrations  of  H0CO3  in 
the  blood.  Other  factors  seem  to  overshadow  any  effects  which  might 
be  due  to  these  causes. 

Elimination  of  acids  and  bases  by  the  kidney.  The  influence  of 
urine  excretion  on  the  regulation  of  neutrality  in  the  organism  has  been 
analyzed  in  great  detail  by  L.  J.  Henderson  (1909,  1911)  and  Henderson 
and  Palmer  (1912-15)  in  a  long  series  of  investigations.  Their  careful 
analj^sis  of  the  factors  concerned  with  acid  excretion  gives  us  a 
clear  understanding  of  the  fundamentals  of  this  important  regulating 
mechanism. 

Practically  all  of  the  food  materials  absorbed  from  the  gastro-intestinal 
tract  must  be  eliminated  in  one  form  or  another  by  way  of  the  lungs  or 
kidneys.  In  man  most  of  the  carbonic  acid  formed  in  the  body  is  lost 
through  the  lungs.  Much  of  the  water  is  eliminated  by  way  of  the  lungs 
and  skin.  Most  of  the  inorganic  salts  and  organic  matter  (not  CO2) 
is  excreted  by  the  kidneys  together  with  a  considerable  amount  of  water. 
The  kidneys  are  therefore  called  upon  to  regulate  not  only  the  osmotic 
relations  within  the  organism,  but  also  the  relative  quantities  of  basic 
and  non-volatile  acidic  radicles.  All  of  the  basic  radicles  and  part  of 
the  acidic  radicles  are  taken  in  as  salts  in  the  food  while  some  of  the 
acids,  such  as  sulphuric  and  phosphoric,  are  formed  from  neutral  protein 
material  by  oxidation  in  the  organism.  Some  foods  contain  salts  (such 
as  acid  potassium  citrate)  of  acids  which  are  oxidized  to  carbonic  acid 
and  thus  furnish  base  to  the  body  (Sherman  and  Gettler,  1912).  The 
normal  food  of  man  contains  less  basic  radicles  (such  as  sodium,  potas- 
sium, calcium  and  magnesium)  than  acidic  radicals,  if  one  includes  the 
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phosphorus  and  sulphur  of  the  proteins  which  in  the  body  are  oxidized 
to  phosphoric  and  sulphuric  acids.  In  pathological  conditions  such  as 
diabetes  mellitus,  large  quantities  of  organic  acids  may  be  formed  and 
must  be  eliminated.  Occasionally,  to  a  less  extent,  due  to  changes  in 
dietaries  or  unusual  conditions  of  stress,  bases  tend  to  accumulate  in 
the  organism.  The  presence  of  an  effective  mechanism  for  eliminating 
an  excess  of  bases  or  acids  from  the  body  is  therefore  necessary.  As 
an  excess  of  acid  in  the  body  is  more  liable  to  occur,  the  mechanism  for 
eliminating  acid  and  conserving  base  is  of  the  greatest  practical  interest. 

Normal  human  urine  ranges  in  reaction  from  pH  4.8  to  7.4  (Henderson 
and  Pahner,  1912,  1914;  Newburg,  Palmer  and  Henderson,  1913). 
At  these  reactions  the  strong  acids,  such  as  sulphuric  and  phosphoric, 
cannot  be  eliminated  as  such  but  only  in  the  form  of  salts.  At  pH  4.8, 
1  mol  of  sulphuric  acid  is  combined  with  nearly  two  mols  of  base.  One 
mol  of  phosphoric  acid  is  combined  with  a  little  less  than  1  mol  of  base 
(NaH2P04),  whereas  in  the  body  where  the  reaction  is  more  alkaline,  the 
phosphoric  acid  is  combined  with  1.8  mols  of  base.  It  is  evident,  then, 
that  in  the  excretion  of  1  mol  of  phosphoric  acid,  more  than  0.8  mol  of 
base  may  be  retained  by  the  body  and  serve  to  neutralize  other  molecules 
of  acid.  If,  however,  there  is  an  excess  of  base  in  the  body,  it  may  be 
excreted  as  disodium  phosphate  or  bicarbonate  and  a  decrease  in  the  cH 
of  the  urine  will  result. 

This  limit  of  reaction  of  the  urine  must  necessarily  limit  the  efficiency 
of  the  kidneys  for  excreting  acids  and  might  easily  lead  to  an  excessive 
loss  of  base  or  a  piling  up  of  acid  in  the  organism.  However,  the  sub- 
stitution of  ammonia  for  some  of  the  fixed  base  occurs  and  permits  the 
elimination  of  acids  in  the  form  of  neutral  salts,  and  a  retention  of  the 
fixed  ba«c  by  the  body.  Each  mol  of  ammonia  tiius  represents  the 
saving  of  one  mol  of  base  for  the  body. 

Ammonium  ions  when  present  in  the  blood  are  toxic  so  that  the  normal 
concentration  there  in  extremely  low.  It  has  been  taught  for  years 
that  this  Kmail  (juantity  in  the  blood  is  maintained  by  a  small  portion 
of  the  ammonia  (produced  during  the  process  of  deaininization  of  amino 
acidH)  which  hud  not  l)(>(>ii  cliiiiigcd  into  urea  and  furnislies  ununonia  for 
neutralization  of  acids.  The  urinar>'  ammonia  has  frequently  been 
found  to  incrnawe  at  the  expense  of  the  urea  and  the  process  of  urea 
fonnation  from  unmionia  seems  to  ho  reversible  (Hariu'tt  and  Addis, 
1917). 

Naith  and  MernMlici  i{U2\,  IU'22)  liiivc  rrccnlly  shown  tliul  iho  am- 
monia which  HiipeuiK  in  the  urine  in  formed  by  the  ki<lneyN  and  not  by 
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the  liver.  This  observation  furnishes  a  much  more  satisfactory  basis 
for  explaining  the  delicately  adjusted  mechanism  for  excreting  bases 
and  acids  which  regulates  the  acid-base  equilibrium  of  the  body.  With 
the  formation  of  ammonia  localized  in  the  kidney,  the  retention  of  base 
by  substitution  of  ammonia,  and  the  retention  of  base  during  the  excre- 
tion of  acid  radicles  b}^  variations  in  cH  of  the  urine  may  be  more  closely 
related.  Decrease  in  the  alkali  reserves  of  the  body  may  be  explained 
as  due  to  /,  inability  of  the  kidney  to  excrete  acids  as  rapidly  as  they 
are  formed  by  eliminating  them  as  such,  or  as  ammonium  salts;  2,  the 
inability  of  the  kidney  to  excrete  acid  radicles  even  though  the  mech- 
anism for  ammonia  formation  is  unimpaired;  3,  the  loss  of  power  to 
form  ammonia  with  the  resulting  loss  of  fixed  alkali.  The  necessity  for 
the  excretion  of  an  excess  of  basic  radicles  occurs  less  frequently  on 
account  of  the  limits  placed  by  the  gastro-intestinal  tract,  by  vomiting 
and  diarrhea,  on  the  introduction  of  large  quantities  of  salts,  and  the 
absence  of  formation  of  base  (even  organic)  in  the  body. 

Studies  of  the  influence  of  acids  and  alkalis  on  the  excretion  of  am- 
monia date  back  to  the  classic  work  of  Walter  (1877)  who  found  in- 
creased excretion  of  ammonia  in  dogs  after  injection  of  hydrochloric 
acid.  (It  is  interesting  to  note  in  passing  that  rabbits  do  not  respond 
in  the  same  way  as  they  have  practically  no  mechanism  for  forming 
ammonia.)  Marriott  and  Rowland  (1918)  found  that  the  ingestion  of 
HCl  by  man  gave  an  increase  in  ammonia  excretion,  while  large  quan- 
tities of  NaH2P04  did  not.  The  ingestion  of  NaHCOa  causes  the  am- 
monia excretion  to  diminish  (Jannej-,  1911-12)  and  after  large  doses  it 
disappears  completely  from  the  urine  (Davies,  Haldane  and  Kennaway, 
1920). 

The  reaction  of  the  urine,  while  an  index  of  the  output  of  acids,  does 
not  furnish  nuich  evidence  concerning  the  quantity  of  acid  excreted. 
Such  information  may  be  obtained  by  titration.  Many  methods  of 
titrating  have  been  used,  the  most  popular  being  that  in  which  phenol- 
phthalein  (end  point,  pH  8.5)  is  used  as  the  indicator.  L.  J.  Henderson 
(1911)  emphasized  that  its  use  was  due  mainly  to  its  convenience  and 
suggested  as  a  more  scientific  procedure,  titration  to  the  pH  of  the 
blood.  Such  a  titration  yields  an  estimate  of  the  amount  of  acid 
excreted  over  and  above  the  normal  reaction  of  the  blood,  i.e.,  the 
physiological  elimination  of  acids.  On  account  of  the  buffering  of  the 
phosphates,  the  difference  between  the  two  methods  of  titration  may  be 
considerable.  As  it  has  been  shown  that  the  aimnonia  of  the  urine 
represents  acid  eliminated  from  the  body,  the  equivalent  amounts  of 
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ammonia  and  titratable  aeid  may  be  added  together  to  furnish  infor- 
mation concerning  the  total  acid  excreted.  There  is,  however,  a  con- 
siderable amoimt  of  ammonia  in  urine,  even  at  pH  7.4  (the  normal  reac- 
tion of  the  blood)  and  it  disappears  only  when  the  reaction  becomes 
more  alkaline.  Fitz  and  Van  Sl3'ke  (1917)  suggested,  for  this  reason, 
that  the  older  method  of  titrating  with  phenolphthalein  is  more  satis- 
factory' in  that,  as  the  end  point  more  nearly  approaches  the  reaction  of 
the  urine  obtained  when  the  ammonia  excretion  is  zero,  the  ratio  of 
ammonia  to  titrable  acid  remains  more  nearly  constant.  For  obtaining 
an  estimate  concerning  the  relative  sensitiveness  of  the  two  kidney 
mechanisms,  i.e.,  base  retention  by  ammonia  formation,  and  base  reten- 
tion by  alteration  in  the  ratio  of  basic  to  acid  phosphate,  the  titration 
with  phenolphthalein  would  seem  to  be  the  more  satisfactory. 

Under  normal  conditions,  an  excess  of  acid  must  be  excreted  by  the 
humaQ  kidney  if  the  store  of  base  is  to  be  maintained.  This  is  ac- 
complished by  the  excretion  of  urine  more  acid  than  the  blood  and  con- 
taining a  greater  ratio  of  NaH2P04:  Na2HP04  than  existed  in  the  blood, 
thereby  retaining  a  portion  of  the  base.  Part  of  the  acidic  radicles  are 
eliminated  combined  with  ammonia  formed  in  the  kidney,  with  a  furtlier 
retention  of  fixed  base.  Gamble  (1922)  has  recently  studied  the  role 
of  these  mechanisms  in  retaining  base.  The  three  variables,  cH,  acid 
titration  and  ammonia,  tend  to  rise  and  fall  together.  As  most  of  the 
titratable  acidity  is  due  to  phosphates,  it  may  be  said  that  the  kidney 
makes  use  of  two  mechanisms  for  eliminating  acids;  the  excretion  of 
HjPO*  and  the  formation  of  ammonia  in  roughly  equivalent  amounts, 
with  a  greater  .saving  of  base  to  the  body  the  more  acid  tiio  urine 
becomes.  Actually,  the  acid-forming  mechanism  seems  to  be  more 
sensitive  and  elastic,  a.s  greater  changes  occur  in  IIh^  acid  til  ration  than 
in  the  ammonia  excretion  (L.  J.  Henderson  and  Palmci-,  101  I;  na\i(>s, 
Haldane  and  Kcnnaway,  1920). 

When  abnormal  organic  acids  such  us  /i-oxybutyric  acid  and  accto- 
acetic  acid  are  present,  the  urine  may  become  sufliciently  acid  so  that  a 
considerable  proportion  of  these  acids  ia  excreted  uncombined  with 
base.  Under  these  conditions  anotluT  chemical  process  takes  place 
which  if)  distinctly  favorable  to  the  organism.  A  consideral)le  portion 
of  the  aceto-acctic  acid  formed  in  the  body  is  decomposed  to  form  car- 
bonic acid  (which  can  be  elirninat<'<l  by  \\w  lungs)  and  the  neutral 
compound  iicetonr,  which  can  be  eliminated  by  the  kidneys  without 
loM  of  any  bam*.  It  actually  happens  that  a  large  proportion  of  the 
total  aeeto-aretic  acid  whirh  in  formed  in  the  body  and  eunnot  be  burned 
ii  excreted  in  a  form  which  recjuires  no  loss  of  b:use  froni  the  body. 
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Excessive  quantities  of  base  can  be  removed  more  easily.  The 
limit  seems  to  be  merely  that  NaHCOs  cannot  be  excreted  in  a  solution 
more  concentrated  than  0.3  N,  so,  with  sufficient  quantities  of  water 
available,  large  quantities  of  base  may  be  eliminated.  Most  of  the 
determinations  of  the  cH  of  alkaline  urines  reported  in  the  literature 
are  grossly  in  error,  owing  to  the  loss  of  free  carbonic  acid.  Marshall 
(1922)  and  Gamble  (1922)  found  that  even  after  bicarbonate  ingestion 
the  urine  never  became  more  alkaline  than  pH  8.0,  the  limiting  factors 
apparently  being  the  maximum  concentration  of  bicarbonate  in  urine 
and  the  CO2  tension  in  the  kidney  tissue. 

The  regulation  of  urine  acidity.  Although  the  usual  physiologi- 
cal discussion  lays  emphasis  on  the  fact  that  the  kidnej's  aid  in  regulating 
the  acid-base  balance  of  the  blood,  the  problem  of  greatest  chemical 
interest  is  just  the  reverse.  How  does  the  acid-base  balance  of  the 
blood  regulate  urine  excretion'^  What  factors  in  the  blood  influence 
the  elimination  of  each  of  the  acidic  and  basic  radicles  from  the  body? 

The  problem  is  of  even  greater  complexity  than  the  similar  problem 
in  connection  with  the  regulation  of  the  action  of  the  respiratory  center. 
Whereas  the  respiratory  center  is  concerned  with  the  elimination  and 
absorption  of  the  gases  of  the  blood,  the  kidney  is  concerned  with  the 
elimination  of  solid  materials  which  must  be  excreted  in  solutions  not  too 
concentrated,  leaving  the  blood  with  a  suitable  osmotic  pressure.  Not 
only  must  the  total  osmotic  pressure  of  the  body  fluid  be  kept  within 
normal  limits  but  also  the  concentration  of  each  constituent  in  the 
blood. 

Most  of  the  available  information  indicates  that  the  cH  of  the  urine 
varies  with  the  cH  of  the  blood.  As  the  urine  is  normally  more  acid 
than  the  blood  plasma,  it  is  similar  in  this  respect  to  the  fluid  in  the 
corpuscles  but  with  this  striking  contrast.  Whereas  the  difference  in 
reaction  between  corpuscles  and  plasma  diminishes  as  the  blood  becomes 
more  acid,  until  the  two  fluids  have  the  same  reaction  at  a  pH  of  about 
6.5,  the  difference  in  reaction  between  urine  and  blood  plasma  increases, 
reaching  a  maximum  when  the  urine  has  a  pH  of  4.7  and  the  blood  a 
pH  not  much  less  than  7.0.  With  increasing  alkalinitj^  the  two  fluids 
have  the  same  reaction  in  the  neighborhood  of  pH  7.8. 

In  general,  as  the  plasma  becomes  more  acid,  the  cH,  acid  titration 
and  ammonia  in  the  urine  increase.  This  is  shown  in  experiments  in- 
volving the  administration  of  acids  or  morphine  or  breathing  high 
tensions  of  CO2  (for  reference,  see  below).  The  experiment  may  be 
reversed  bj-  administration  of  NaHCOs  or  by  forced  breathing,  when  the 
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plasma  becomes  more  alkaline  and  the  cH  of  the  urine,  titratable 
acidity  and  ammonia  decrease.  There  is,  however,  at  least  one  in- 
teresting exception  to  this  simple  control.  Several  hours  after  a  severe 
hemorrhage  the  blood  becomes  more  alkaUne  than  normal  while  there 
is  an  increased  excretion  of  acid  and  ammonia  in  the  urine,  which  may 
persist  for  several  days  (Evans,  1921,  a;  Endres,  1922,  and  unpub- 
hshed  observations  of  the  author).  Evans  has  described  this  as  a 
favorable  mechanism  for  maintaining  a  higher  alkalinity  in  the  blood, 
but  such  an .  explanation  is  hardly  helpful  in  studying  the  physico- 
chemical  mechanism  underlying  the  observation. 

Haldane  and  his  co-workers  (Davies  et  al.,  1920,  1922;  Baird  et  al., 
1923)  have  reported  observations  showing  a  very  interesting  inter- 
relationship involved  in  the  excretion  of  the  two  acidic  radicles  CI  and 
HCO3.  They  have  shown  that  the  sum  of  the  two  cannot  exceed  0.3  N 
in  the  urine  and  a  diminution  in  the  concentration  of  HCO3  in  the 
blood  is  accompanied  by  a  rise  in  CI  without  any  tendency  toward 
increased  excretion  of  CI  in  the  urine. 

Variations  in  the  acid-base  equilibrium.  In  applying  a  con- 
sideration of  the  mechanisms  involved  in  neutrality  regulations  in  the 
body  to  the  everyday  life  of  the  individual  one  is  struck  by  the  constant 
need  for  such  mechanisms.  The  student  of  today,  to  whom  the  narrow 
limits  of  reaction  compatible  with  life  have  been  emphasized  so  fre- 
quently, is  liable  to  exaggerate  the  narrowness  of  these  limits.  On 
examining  the  data  available  at  present  one  is  inclined  to  place  the 
limits  of  acidity  and  alkalinity  compatible  with  life  at  about  j)H  6.9 
to  9.0  and  one  is  surprised  to  find  that  these  limits  are  closely 
approached  in  some  of  the  ordinary  activities  of  life.  It  would  appear 
that  the  factors  of  .safety  are  not  .so  extensive  in  this  reguni  as  in  many 
functions  in  the  body,  but  such  a  conclusion  is  hardly  justified  when 
one  considers  the  numerous  mechanisms  which  may  be  called  into  play, 
the  Hummation  of  whose  activities  is  more  than  suflicient  to  cope  with 
the  extremes  of  acid  or  alkali  excess  under  normal  conditions.  Never- 
theless the  organism  may  be  seriously  embairassed  at  times  by  exceeding 
the  ability  of  these  mechanisms  to  maintain  opiiminn  ('onditions.  A 
brief  survey  of  some  of  the  alterations  in  the  acid-ba,se  equilibrium, 
encountered  in  activities  which  may  be  cla.s.sed  as  not  unusual,  may  be 
of  interest,  even  thougii  iuu<'li  of  the  data  is  in(*()inpl(<t(>. 

Daily  variations.  There  is  evidence  of  a  slight  but  definite  change 
in  the  irritability  of  the  rcMpirator>'  center  at  difTerent  times  of  the  year 
as  indicated  by  vuriutioMK  in  th(>  alveolar  ( 'O3  of  as  much  as  2  to  5  mm. 
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Hg  (Straub  et  al.,  1914-15  a).  Far  more  striking  changes  occur  during 
the  course  of  24  hours.  Numerous  investigators  (Straub  et  al.,  1914- 
15  a;  Leathes,  1919;  Entires,  1922)  have'shown  that  the  alveolar  CO2  ten- 
sion is  greater  at  night  than  during  the  day.  The  high  alveolar  CO2  is 
associated  with  a  lowered  alkali  reserve  (Collip,  1920)  and  with  the 
excretion  of  urine  which  compared  with  the  day's  urine  contains  more 
ammonia,  a  higher  titratable  acidity  and  has  a  higher  cH  (Leathes, 
1919;  Campbell  and  Webster,  1921,  1922  b;  Endres,  1922).  All  of  these 
observations  indicate  that  the  cH  of  the  blood  is  higher  at  night  than 
during  the  day  due  presumably  to  a  decreased  irritability  of  the  respira- 
tory center  during  sleep.  Higgins  (1914)  found  that  even  a  change  in 
posture,  such  as  Ij^ing  down,  increased  the  alveolar  CO2. 

Effect  of  drugs  and  changes  in  nervous  excitability.  Changes 
in  irritability  of  the  respiratory  center  obtained  by  the  use  of  drugs 
produce  alterations  in  the  acid-base  equilibrium  of  the  body.  Mor- 
phine, which  depresses  nervous  sensibiUty,  causes  a  rise  of  alveolar 
CO2  (Straub,  et  al.,  1914-15  b;  Endres,  1922)  and  excretion  of  urine  with 
a  higher  cH.  Caffein  causes  a  lower  alveolar  CO2  and  lower  cH  in 
the  urine,  and  similar  changes  in  alveolar  CO2  have  been  observed  in 
individuals  who  were  excited  and  anxious.  Increased  or  decreased 
nervous  excitability,  therefore,  seems  to  be  reflected  in  the  respiratory 
center  which  responds  accordingly  and  causes  the  aeration  of  the  blood 
to  be  adjusted  to  a  slightly  dififerent  level  of  cH,  which  is  maintained  in 
part  by  the  respiratory  center  and  in  part  by  the  kidneys. 

The  "alkaline  tide"  after  meals.  During  the  day,  other  factors 
come  into  play  to  cause  alterations  in  the  acid-base  equilibrium  which 
may  be  of  sufficiently  short  duration  to  escape  notice  or  render  observa- 
tion difficult.  A  phenomenon  which  has  been  known  for  many  j^ears  is 
the  "alkaline  tide"  in  the  urine,  frequently  observed  after  meals.  The 
cause  of  the  alkaline  urine  has  been  assumed  to  be  the  relative  excess  of 
base  in  the  blood  caused  by  the  loss  of  the  hydrochloric  acid  secreted 
into  the  stomach  during  the  course  of  digestion.  The  hypothesis  anfl 
even  the  observations  have  been  criticised  (Hasselbalch,  1912;  Leathes, 
1919)  but  the  phenomenon  has  been  observed  so  frequently  that  there 
seems  no  doubt  about  its  occurrence  (Campbell  and  Webster,  1921; 
Fiske,  1921;  Endres,  1922  and  Hubbard  and  Munford,  1922).  The 
careful  experiments  of  Dodds  and  his  collaborators  (1921-23)  (also 
Bennet  and  Dodds,  1921)  prove  beyond  a  doubt  that  the  secretion  of 
HCl  into  the  stomach  leaves  the  body  tissues  with  an  excess  of  base, 
which  results  in  a  retention  of  CO2  and  a  rise  in  bicarbonate  of  the  blood, 


324  D.    WRIGHT   WILSON 

an  increased  alveolar  CO2  (also  Higgins,  1914;  Straub  et  al.,  1914-15  c; 
Endres,  1922)  and  a  blood  probablj'  slightly  more  alkaline  than  normal. 
The  kidneys  respond  to  the  decreased  cH  of  the  blood  by  excreting  less 
acid  and  less  ammonia.  There  is  a  rise  of  2  to  6  mm.  in  alveolar  CO2 
within  half  or  three-quarters  of  an  hour  after  meals,  the  height  varying 
with  the  amount  of  HCl  secreted  into  the  stomach.  A  subsequent  fall 
occurs  to  2  to  6  mm.  below  the  normal  level  due  to  the  pouring  out  of 
alkaline  pancreatic  juice.  These  observations  were  controlled  by  the 
introduction  of  food  products  directly  into  the  stomach  and  into  the 
duodenum,  and  with  other  experimental  procedures. 

Gastric  tetany.  The  effect  of  loss  from  the  blood  of  HCl  secreted 
in  the  gastric  juice  is  brought  out  most  strikingly  in  conditions  of  gastric 
obstruction  when  the  gastric  juice  cannot  pass  into  the  duodenum  but 
is  vomited.  In  these  cases,  the  continuous  loss  of  HCl  results  in  a  rapid 
increase  in  the  bicarbonate  of  the  blood,  and  tetany,  which  is  quickly 
fatal  if  the  obstruction  is  complete  (McCann,  1918;  MacCallum,  et  al., 
1920;  Hastings,  Murray  and  Murray,  1921). 

Administration  of  bicarbonate.  A  similar  though  less  extreme 
condition  results  from  administration  of  sodium  l)icarbonate  by  mouth 
or  by  intravenous  injection.  There  results  an  increased  concentration 
of  bicarbonate  in  the  blood,  increased  alveolar  CO2  tension,  more 
alkaline  blood  and  the  typical  response  of  the  kidney:  urine  less  acid 
and  containing  less  ammonia. 

Voluntary  overventilation.  In  the  condition  of  overventilation 
the  picture  is  rather  diflferent  (Grant  and  C^ioldman,  1920;  Collip  and 
Backus,  1920;  Da  vies,  Haldane,  and  Kennaway,  1920;  Koehler,  1923). 
An  excess  of  carbonic  acid  is  driven  off  from  the  lungs  and  the  cH  of 
the  1)1o<k1  lowered  thereby  (pH  7.45  chang(>d  to  pli  7.05  in  one  experi- 
ment). The  COj  combining  power  of  the  blood  is  not  appreciably 
altered  in  these  experiments  (Davies,  IIaI(lan(>  and  Kennaway,  1920) 
though,  of  course,  the  CO2  ten.sion  is  (liniinishcd.  Tlie  ki(hieys  respond 
by  excreting  base,  the  acidity  and  ammonia  excretion  diminish  and 
organic  acids  may  appear. 

Symptoms  of  t<'taiiy  may  result  from  each  of  the  above  conditions 
in  which  there  is  but  one  point  in  common,  namely,  blootl  more  alkaUne 
than  normal.  In  reviewing  the  work  on  tetany,  Grccuwald  ( 1922^ 
pointed  out  that  the  excess  alkahnity  of  the  blood  will  result  in  diininish- 
tng  the  (lisKOf'iation  of  oxyhemoglobin  and  thereby  tend  to  induce  an 
oxygen  wmit  in  the  tiMHue».  'I'lu-  muscle  tetany  and  the  oxygen  want 
per  M  may  ImHIi  chuhv  the  (ievelopnicnt  of  lactic  acid  which  can  act  as 
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a  protective  agent  in  decreasing  the  alkalinity  of  the  blood  and  thereby 
causing  a  greater  dissociation  of  oxyhemoglobin. 

High  temperatures.  An  increase  in  temperature  of  the  individual 
affects  the  acid-base  equilibrium  of  the  blood  in  a  way  very  similar  to 
voluntary  over-aeration.  (Haggard,  1920;  Bazett  and  Haldane,  1921; 
Koehler,  1923;  Pemberton,  Crouter  and  Cajori,  unpublished.)  An 
increase  in  body  temperature  brought  about  ])j^  hot  baths  has  been  shown 
to  cause  a  stimulation  of  the  respiratory  center  with  a  consequent  over- 
ventilation  of  the  lungs  and  a  reduction  of  the  carbonic  acid  in  the  blood. 
The  blood  becomes  more  alkahne  (the  pH  may  rise  0.10  to  0.20),  the 
alveolar  CO2  and  CO2  content  of  the  blood  fall,  though  the  CO2  absorp- 
tion curve  may  rise.  The  cH  of  the  urine  falls  and  the  excretion  of 
ammonia  and  acids  diminishes.  Bicarbonate  is  excreted  in  the  urine  and 
acetone  bodies  have  been  found.  Not  only  do  these  variations  appear 
when  the  temperature  is  raised  by  artificial  means  but  similar  changes 
may  ocur  in  natural  fevers.  Koehler  found  in  patients  with  fever  the 
pH  of  the  blood  increased  0.10  to  0.15  above  the  values  after  recoverj\ 

Excess  of  acids.  When  an  excess  of  acids  floods  the  body,  due 
either  to  acid  ingestion  or  to  an  increased  formation  of  organic  acids 
just  the  opposite  condition  is  encountered.  The  stores  of  base  in  the 
form  of  bicarbonate  are  drawn  upon  and  the  stronger  acid  displaces  the 
carbonic  acid.  The  carbonic  acid  is  eliminated  by  waj^  of  the  lungs, 
and  the  non-volatile  acid  by  the  kidneys.  Some  of  the  base  is  con- 
served for  the  body  by  the  excretion  of  a  portion  of  the  acid  as  the 
ammonium  salt  and  a  portion  as  the  free  acid.  The  extreme  variations 
in  blood  and  urine  in  different  individuals  depend  upon  the  amount 
of  acid  introduced  and  upon  the  efficiency  of  all  of  the  regulating 
mechanisms. 

Muscle  exercise.  Increased  oxygen  consumption  and  carbon 
dioxide  formation  are  the  necessary  accompaniments  of  muscle  exercise. 
To  supplj'^  the  increased  quantity  of  oxj'gen  and  to  facilitate  the  removal 
of  the  increased  quantity  of  carbon  dioxide,  the  nervous,  circulatory 
and  respiratory  systems  act  in  coordination  (Bainbridge,  1919,  Douglas 
and  Haldane,  1922)  but  do  not  always  succeed  in  maintaining  the  normal 
conditions  in  the  body. 

Until  recently  only  isolated  observations  have  been  made  on  the 
changes  in  arterial  and  venous  blood  before  and  after  exercise.  The 
recent  experiments  of  Lundsgaard  and  Moller  (1923  a,  b)  Barr,  Himwich 
and  Green  (1923)  and  Barr  and  Himwich  (1923  a,  b)  furnish  more  de- 
tails concerning  the  changes  which  may  occur  after  short  periods  of 
strenuous  muscular  exercise. 
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During  muscular  contraction  lactic  acid  is  formed,  the  larger  part  of 
which  is  synthesized  to  glycogen  and  the  remainder  oxidized  to  carbon 
dioxide  and  water.  During  strenuous  muscle  activity  lactic  acid  is 
formed  in  large  quantities  and  some  diffuses  out  from  the  muscle  along 
with  the  increased  quantity  of  carbon  dioxide.  The  lactic  acid,  reacting 
with  plasma  bicarbonate,  forms  a  salt  with  the  base  present  and  an 
equivalent  amount  of  free  carbon  dioxide,  which,  together  with  the 
CO2  entering  from  the  tissues,  produces  a  rapid  increase  in  the  carbon 
dioxide  tension  of  the  blood.  The  increased  concentration  of  H2CO3  and 
decreased  concentration  of  BHCO3  cause  an  increased  cH  of  the  blood. 
The  increased  cH  of  the  blood  increases  the  dissociation  of  oxyhemo- 
globin (Barcroft,  1914)  and  favors  the  passage  of  more  oxygen  to  the 
tissues.  The  loss  of  oxj'gen  permits  the  liberation  of  base  from  hemo- 
globin. Thus,  the  mechanism  involving  the  reciprocal  exchange  of 
carbon  dioxide  and  oxj'-gen  described  as  the  isohydric  change  comes  into 
play  to  an  exaggerated  degree.  But  the  carbonic  and  lactic  acids  from 
the  muscle  cannot  be  completely  neutralized  by  the  base  released  from 
hemoglobin  so  the  venous  blood  coming  from  the  muscle  has  actually  a 
higher  cH  than  normal.  During  the  first  minutes  of  a  short  period  of 
strenuous  muscle  e.xercise  the  arterial  cH  and  arterial  and  alveolar  CO2 
tensions  are  all  above  normal.  The  increased  cH  stimulates  the  re- 
spiratory center,  and  hyperpnea  results  with  a  greater  aeration  of  the 
blood.  The  aeration  is  sufficient  to  cause  a  fall  in  the  arterial  CO2 
tension  but  the  continued  passage  of  lactic  acid  from  the  muscle  into  the 
blood  causes  the  cH  of  the  blood  to  rise  (the  pH  may  fall  to  7.05)  and 
the  alkali  reserve  to  diminish.  In  the  resting  period  after  exercise  the 
cH  returns  to  normal  in  a  few  minutes  but  the  lactic  acid  is  removed 
more  slowly  so  that  the  carbon  dioxide  tension  and  carbon  dioxide 
capacity  may  remain  low  for  a  half-iiour  or  more. 

To  counteract  the  increasing  cH  of  the  blood  several  mechanisms  come 
into  play.  Lactic  acid  is  taken  up  by  other  ti-ssues  in  the  body.  In 
experiments  involving  strenuous  exercise  of  the  legs  Barr  and  liiiuwich 
(1923  a)  found  that  the  venous  blood  coming  from  the  arm  contained 
lem  lactic  ttri<|  than  the  arterial  blood  going  to  the  arm.  The  (liffusion 
of  lactic  acid  from  the  blood  n;lejuses  base  so  that  the  carbon  dioxide 
capacity  increasoH  and  the  cH  in  the  venous  blood  is  at  times  oven 
lower  than  in  the  art<'nul,  uhhough  both  ar<'  still  above  normal.  While 
■ome  lactic  acid  is  b<'ing  removed  from  the  blood  by  the  inactive  tissues 
M»ne  ia  also  being  excreted  in  the  urine  but  the  excretion  of  ammoniaand 
a  more  acid  urine  nsHiM.  in  conserving  h&np  for  the  Ixxly  (Talbert,  1920; 
Campbell  and  WcbMtcr,  1922  a). 
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In  exercise  the  temperature  of  the  body  is  increased  (39.0°C.  or  even 
higher)  which  has  been  shown  to  be  of  benefit  by  making  more  effective 
the  circulatory  and  respiratory  adjustments  during  exercise  (Bainbridge, 
1919).  It  may  possibly  be  of  assistance  also  in  helping  to  maintain  the 
acid -base  balance  as  it  has  been  shown  that  a  rise  of  several  degrees  in 
body  temperature  brings  about  a  decreased  cH  of  the  blood. 

The  oxygen  content  of  arterial  blood  increases  during  exercise  due  in 
part  to  increased  saturation  of  hemoglobin  and  in  part  to  an  increased 
oxygen  capacity.  There  is  presumably  an  increased  utilization  of  oxygen 
in  the  active  muscle  but  owing  to  the  greatly  increased  blood  flow  the  oxy- 
gen in  venous  blood  is  not  lowered  to  values  much  below  normal.  The 
oxygen  content  of  venous  blood  from  inactive  muscles  is,  however, 
very  much  reduced  due  presumably  to  decreased  rate  of  blood  flow. 

Lowered  barometric  pressure.  The  effect  of  a  rapid  decrease 
in  barometric  pressure  as  met  with  in  mountain  climbing  is  said  to  be 
identical  with  over-aeration  (Hasselbalch  and  Lindhard,  1916;  Hal- 
dane,  Kellas  and  Kennaway,  1919-20).  Owing  to  the  lack  of  oxygen  the 
respiratory  center  becomes  more  irritable  and  excessive  ventilation 
results.  Carbonic  acid  is  eliminated  more  rapidly  than  it  is  formed, 
the  CO2  tension  is  reduced  and  a  diminished  cH  of  the  blood  pre- 
sumably results.  The  cH  of  the  urine  is  decreased  under  these  con- 
ditions and  less  acid  and  ammonia  are  excreted.  This  picture,  as 
presented  by  Haldane,  is  almost  the  reverse  of  that  originally  held  by 
him  which  postulated  the  formation  of  acid  metabolic  products  which 
caused  a  lowering  of  the  alveolar  CO2.  It  should  be  noted  that  the  only 
direct  experimental  evidence  at  present  of  an  actual  decrease  in  cH  of 
the  blood  is  the  study  of  the  urine. 

Bleeding.  The  uncertainties  of  such  conclusions  may  be  illustrated 
by  observations  of  Evans  (1921  a)  and  Endres  (1922)  which  have  been 
substantiated  by  the  author  (unpublished),  on  the  effects  of  bleeding. 
Loss  of  blood  is  usually  followed  immediately  by  a  decreased  alkali 
reserve  of  the  blood.  But  the  animal  soon  recovers  from  the  immediate 
effects  of  the  bleeding  and,  after  some  hours,  the  alkali  reserve  is 
found  to  be  above  normal.  The  blood  at  this  time  has  a  lower  cH 
than  normal  and  contains  more  bicarbonate  while  the  urine  excreted 
contains  a  higher  cH  and  greater  titratable  acidity  and  ammonia.  In 
this  instance  the  changes  in  the  urine  would  appear  to  indicate  a  con- 
dition in  the  blood  which  is  just  the  opposite  of  that  actually  occurring. 
The  introduction  of  this  complication  in  a  condition  where  oxygen  want 
and  overventilation  may  be  postulated  must  render  doubtful  the 
interpretation  of  similar  evidence  in  other  conditions. 
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THE  INTERNAL  SECRETIONS  OF  THE  REPRODUCTIVE 

ORGANS 

F.  H.  A.  MARSHALL 
Christ  College,  Cambridge,  England 

The  secretory  activity  of  the  generative  glands  (testes  and  ovaries) 
differs  from  that  of  other  organs  of  internal  secretion  in  being  in  a  very 
marked  degree  cyclical;  that  is  to  say,  that  although  the  hormones  are 
probably  elaborated  to  some  extent  at  all  times  especially  during  the 
period  of  reproductive  life  which  extends  in  the  female  from  puberty 
until  the  climacteric,  and  in  the  male  from  puberty  until  extreme  old 
age,  the  secretions  change  both  in  composition  and  in  amount  with 
certain  recurrent  seasons  which  are  correlated  with  the  times  for  breed- 
ing. This  periodicity  is  partly  inherent  in  the  reproductive  organs 
themselves,  but  it  is  also  much  influenced  by  external  or  environmental 
factors  such  as  nutrition  and  seasonal  and  climatic  conditions. 

The  ovarian  secretions  and  the  oestrous  cycle.  In  the  female 
the  recurrent  changes  in  the  generative  organs  and  the  phenomena 
associated  with  them  characterise  what  is  known  as  the  oestrous  cycle, 
and  this  is  divided  into  a  number  of  periods  which  are  as  follows: 

(1)  Anoestrum  or  period  of  quiescence. 

(2)  Prooestrum  or  period  of  "coining  on  heat." 

(3)  Oestrus  or  period  of  desire. 

(4)  Pregnancy  or  (alternatively)  pseudo-pregnancy. 

This  is  the  typical  succession  in  monoestrous  animals  such  as  the  dog 
in  which  there  are  commonly  two  sexual  seasons  in  the  year  and  a  single 
oestrus  or  "heat"  period  in  each  sexual  season.  In  polyoestrous  animals 
such  as  the  mare,  cow,  sheep,  pig,  rat  and  mouse,  there  are  several 
oestrous  periods  within  one  sexual  season,  and  these  periods  are  followed 
by  short  intervals  of  comparative  quiescence  which  are  known  as 
"dioestrous  periods."  In  such  animals  pseudo-pregnancy  does  not 
usually  occur  or  else  is  very  abbreviated.  (The  terminology  here 
employed  is  mainly  that  originally  proposed  by  Heape.) 

The  changes  which  occm-  during  the  oestrous  cycle  relate  to  the 
ovaries,  the  uterus,  the  vagina  and  the  mammary  glands,  and  there  are 
also  general  metabolic  changes  concerning  which  less  is  known.     The 
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ovaries  contain  the  controlling  factors  for  all  these  changes  for  if  these 
organs  are  removed  the  oestrous  cycle  is  brought  to  an*  end.  If  the 
operation  be  done  prior  to  puberty  the  uterus  remains  infantile  and  the 
mammarj'-  glands  also  fail  to  develop.  If  the  ovaries  be  removed  after 
puberty  when  the  cycle  has  started  the  uterus  undergoes  atrophy  and 
the  mammary  glands  retrogress  unless  the  operation  be  done  during 
lactation.  On  the  other  hand  if  the  ovaries  (or  one  of  them)  be  trans- 
planted to  an  abnormal  position,  notwithstanding  the  fact  that  their 
normal  nerve  connections  are  severed,  the  grafted  organ  continues  to 
exert  its  usual  influence  upon  the  metabolism,  and  the  oestrous  cycle  is 
continued.  The  assumption  is  therefore  that  the  ovary  exerts  its 
influence  upon  the  other  generative  organs  and  upon  the  metabolism 
through  its  internal  secretions. 

The  ovarian  elements  which  seem  capable  of  possessing  internal 
secretory  functions  are  the  follicular  epithelial  cells,  the  luteal  cells  of 
the  discharged  follicle  (these  being  derived  by  hypertrophy  mainly 
or  entirely  from  the  follicular  epithelial  cells)  and  probably  also  the 
interstitial  cells  which  are  commonly  present  in  the  theca  interna  of  the 
wall  of  the  foUicle,  in  the  hilum,  and  sometimes  in  the  stroma  of  other 
parts  of  the  ovary.  The  interstitial  cells  constitute  the  "puberty 
gland"  of  Stcinach  and  other  authors. 

Fraenkcl  supposed  that  menstruation  in  man  was  brought  about 
through  the  influence  of  the  corpus  lutcum.  But  on  the  assumption 
that  the  menstrual  phenomena  of  the  primates  are  homologous  with  the 
prooostruH  changes  of  the  lower  mammalia,  this  theory  becomes  at  once 
untenable,  since  it  has  been  shown  that  in  the  bitch,  the  sow  and  various 
other  animals  ovulation  takes  place  during  oestrus  and  therefore  not 
until  the  prooestrum  is  over;  moreovei  in  the  bitch  the  heat  i)eriods  recur 
at  infrecjuent  intervals  (typically  once  in  six  months)  and  a  corpus 
luteum  foruKKl  from  a  follicle  discharging  at  one  period  degenerates 
Ijcforo  another  period  is  due.  It  would  seem  certain  therefore  that  heat 
in  animalH  and  the  corresponding  processes  in  man  must  be  brought 
alH)Ut  by  the  action  of  an  ovarian  secretion  arising  either  in  the  follicular 
epithelial  cells  or  in  the  interstitial  cells  or  possibly  in  both.  In  this 
connection  it  may  be  i)ointed  out  that  acconling  to  Lane-C'Iaypon  and 
otherH  the  follicular  cells  and  the  epithelioid  interstitial  cells  have  a 
common  embryonic  origin  from  the  primitive*  germinal  epillielium. 

Borne  experimentM  on  the  ovaricM  of  bitches  (Marshall  and  Kuncinian) 
nccmed  at  firHt  to  ulTord  evidence?  that  the  presence  of  mature;  follicles 
is  not  GfMcntial  for  the  occurrence  of  heat.     In  two  animals  all  the 
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follicles  approaching  ripeness,  at  any  rate  as  far  as  could  be  seen,  were 
ruptured  artifically  by  pricking,  a  few  weeks  before  a  heat  period  was 
expected,  the  duration  of  the  oestrous  cycle  having  previously  been 
noted  for  each  individual.  Notwithstanding  the  operation  heat 
occurred  in  each  of  the  two  bitches  at  about  the  usual  time.  The 
inference  at  first  drawn  was  that  the  normal  processes  of  follicular 
maturation  and  the  phenomenon  of  heat  are  both  effects  of  some  further 
factor  which  must  be  sought  for  in  the  ovaries  elsewhere  than  in  the 
ripe  follicle.  Interstitial  cells  are  present  in  the  ovaries  of  the  bitch, 
but  they  are  said  to  be  absent  in  some  mammals  (O'Donoghue),  and 
there  is  no  direct  evidence  that  these  cells  are  more  active  during  the 
heat  periods  than  at  other  times.  Moreover,  in  two  later  experiments 
on  bitches,  after  destroying  the  mature  follicles  with  a  cauterized 
needle,  heat  did  not  supervene  at  the  expected  times  although  the 
animals  had  made  a  complete  recovery  from  the  operations,  but  at  a 
very  much  later  date  one  of  the  bitches  again  came  in  heat.  (Marshall 
and  Wood— unpublished  experiments.)  Robinson  has  suggested  that 
in  the  recorded  experiments  the  cells  of  the  ruptured  follicles  were  not 
necessarily  functionally  interfered  with  notwithstanding  the  fact  that 
at  the  time  of  killing  (a  short  tune  after  heat  was  over)  they  had  devel- 
oped into  luteal  cells.  Robinson  states  further  that  in  the  ferret  oestrus 
is  experienced  only  when  the  foUicles  are  in  a  certain  stage  of  develop- 
ment which  he  calls  the  "pre-inseminal  stage."  In  this  animal  oestrus 
may  persist  for  an  unusual  duration  of  time  in  the  absence  of  the  male, 
and  during  the  whole  of  this  period  the  ovaries  contain  follicles  which 
remain  in  the  pre-inseminal  stage  without  either  discharging  or  under- 
going atrophy.  Eventually  the  follicles  with  their  contained  ova  de- 
generate and  oestrus  passes  off.  Robinson  believes  therefore  that  the 
mature  follicles  provide  the  internal  secretion  which  is  responsible  for 
the  phenomena  of  the  prooesti'um  and  oestrus.  Pugh  has  recently 
described  what  is  perhaps  a  comparable  condition  in  cows  and  heifers 
affected  with  "nymphomania,"  an  abnormal  state  in  which  they  are 
continuously  "bulHng"  and  always  ready  to  receive  the  male.  Some  of 
the  larger  folUcles  become  cystic  without  being  septic  (as  may  happen 
with  discharged  follicles,  which  become  infected  from  the  Fallopian 
tubes  and  uterus)  and  Pugh  suggests  that  the  cystic  condition  stimulates 
the  growth  of  the  follicular  epithelial  cells  and  so  favours  the  production 
of  the  internal  secretion  which  is  in  some  way  responsible  for  the  con- 
tinuous oestrus.     Lothe  also  has  found  that  when  heat  in  cows  is  con- 
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tinuous  or  too  frequent  the  condition  is  very  frequently  associated  with 
cystic  ovaries  usually  accompanied  by  endometritis  or  cervicitis.^ 

The  conclusion  clearly  to  be  drawn  from  all  these  experiments  and 
observations  is  that  the  ovarian  hormone  which  produces  oestrus  or 
heat  is  different  from  that  which  is  responsible  for  maintaining  the 
normal  uterine  nutrition. 

The  correlation  between  the  corpus  luteum  and  the  uterus. 
The  part  played  by  the  corpus  luteum  is  much  clearer.  Broadly 
speaking  this  organ  is  responsible  for  the  changes  which  take  place  in 
the  accessory  female  generative  organs  and  mammary  glands  during 
pregnancy  and  pseudo-pregnancy.  We  may  now  briefly  consider  the 
evidence  for  this  statement. 

In  the  former  times  various  functions  had  been  assigned  to  the  corpus 
luteum  but  the  suggestions  made  were  all  of  them  practically  devoid  of 
experimental  evidence.  According  to  one  view  it  was  held  that  the 
corpus  luteum  was  the  result  of  excessive  vascularization;  another 
theory  suggested  that  the  structure  was  of  the  nature  of  a  "stop  gap" 
to  preserve  the  cortical  circulation  of  the  ovary  by  preventing  an  exces- 
sive amount  of  scar  tissue;  a  third  theory  affirmed  that  the  corpus 
luteum  existed  to  prevent  ovulation  during  pregnancy.  That  ovulation 
does  not  take  place  in  the  presence  of  a  functionally  active  corpus  luteum 
would  seem  to  be  generally  true,  but  it  is  also  true  that  oestrus  does  not 
supervene  under  such  a  condition,  and  it  is  more  in  accordance  with 
the  facts  to  regard  the  suppression  of  ovulation  as  of  the  nature  of  a 
consequence  rather  than  a  purpose. 

Prenant  seems  to  have  l)een  the  first  to  suggest  that  the  corpus 
luteum  was  a  ductless  gland  which  exercised  an  influence  over  the 
general  metabolism,  but  to  Fraenkel  belongs  the  credit  of  assigning  to 
this  organ  a  definite  rAle  as  an  internally  secreting  gland,  and  basing 
his  theory  on  definite  experimental  evidence.  Ac{*t)nling  to  Fraenkel's 
theory  the  corpus  luteum  possessed  the  function  of  elaborating  a  hormone 
which  in  some  way  assi-sted  in  the  atiaclunent  of  the  fertilized  ovum  to 
the  uterine  mucous  membrane  and  in  the  maintenance  of  its  nutrition 
during  the  first  part  of  pregnancy.  The  evidence  was  derived  mainly 
frcMn  the  results  of  experinientH  in  which  the  ovaries  were  removed  or  the 

•  Th«  writer  hMOXariiinc<l  uMootion,  kiiully  Hcr>l  liiin  l)y  Mr.  I'ukIi,  <>f  nn  ovary 
of  a  nyinphumanUto  cow  (ind  iIiIh  hIiowhuh  iiinisufilly  lurKc  iiiunhcr  of  capillurioa 
running  throuf^  the  itronui.  K|>itl)('lioi(l  intorHtiiiul  (m>IIh  arc  also  ]>r(>H(Mit  in 
•ome  number,  betidM  follicular  opithi'lial  coIIh  in  normal  foliicU'H  of  various 
staffeeof  growtb. 
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corpora  lutea  destroyed,  and  in  each  case  the  pregnancy  was  brought 
to  an  end.  Control  experiments  proved  that  the  effects  were  not  merely 
post-operative.  The  theory  was  afterwards  extended  to  explain  the 
cause  of  menstruation  and  "heat"  and  the  various  phenomena  which 
other  investigatiors  had  attributed  to  the  ovarian  secretion,  but  as 
already  indicated,  this  view  as  to  the  role  of  the  corpus  luteum  cannot 
be  made  to  apply  to  the  lower  mammals  with  infrequently  recurring 
periods  of  oestrus.  Moreover,  although  the  original  part  of  Fraenkel's 
theory  is  now  generally  accepted,  it  is  not  justifiable  to  regard  the 
corpus  luteum  as  the  responsible  factor  in  the  attachment  and  nutri- 
tion of  the  ovum  or  early  embryo  in  any  other  sense  than  that  implied 
in  the  statement  that  this  organ,  through  the  secretion  it  produces, 
acts  as  a  stimulus  to  the  growth  of  the  uterine  mucosa  and  the  main- 
tenance of  the  increased  uterine  nutrition  which  are  necessary  for  the 
occm*rence  of  gestation.  Fraenkel's  experiments  on  ovariotomy  and  the 
destruction  of  corpora  lutea  have  been  confirmed  by  numerous  other 
investigators,  but  it  was  not  until  Ancel  and  Bouin  had  shown  that  the 
corpus  luteum  exerts  a  comparable  influence  on  the  rabbit's  uterus  in 
pseudo-pregnancy  that  the  general  conclusions  regarding  the  function 
of  that  organ  were  placed  on  a  completely  firm  foundation. 

As  Heape  showed  long  ago,  the  rabbit  normally  ovulates  only  after 
coition.  Consequently  the  presence  of  corpora  lutea  in  the  ovaries  of 
that  animal  is  usually  correlated  with  the  occurrence  of  pregnancy,  and 
the  so-called  corpora  lutea  spuria  in  the  rabbit  do  not  exist.  If,  how- 
ever, pregnancy  is  prevented  through  coition  being  made  sterile,  as  by 
submitting  the  male  to  vasectomy,  then  ovulation  takes  place  and 
corpora  lutea  are  formed  unaccompanied  by  gestation.  Ancel  and 
Bouin  were  the  first  to  show  that  in  such  circumstances  the  uterus  under- 
goes growth,  glandular  increase  and  vascularization  followed  later  by 
retrogressive  changes,  and  that  these  changes  are  clearly  correlated  with 
the  development  and  subsequent  decUne  of  the  corpora  lutea  in  the 
ovaries.  Moreover  the  uterine  changes  present  a  general  similarity 
to  those  occurring  in  pregnancy,  but  decidual  tissue  is  not  normally 
formed. 

Hill  and  O'Donoghue  have  described  what  are  evidently  comparable 
changes,  but  occurring  normally  after  oestrus,  in  the  non-pregnant 
marsupial  cat  (Dasyurus  viverrinus).  These  authors  were  the  first  to 
use  the  name  "pseudo-pregnancy"  in  this  connection,  though  the  term 
had  been  previously  applied  to  describe  an  abnormal  condition 
resembling  pregnancy  in  man,  by  Matthews  Duncan.     In  the  marsupial 
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cat  ovulation  takes  place  spontaneously  and  there  is  only  one  sort  of 
corpus  luteum  formed  irrespectively  of  whether  pregnancy  or  pseudo- 
pregnancy  supervenes.  During  pseudo-pregnancy  the  uteri  enlarge  and 
become  considerabh^  vascular,  and  these  changes  are  succeeded  by 
degeneration  and  desquamation  of  epithelium  with  an  extravasation  of 
blood  in  just  the  same  kind  of  way  as  happens  in  the  experimentally 
produced  condition  of  pseudo-pregnancy  in  the  rabbit.  Eventually 
regeneration  sets  in  and  the  mucous  membrane  undergoes  recuperation. 

The  dog  also  has  a  normal  pseudo-pregnant  period  if  ovulation  (which 
in  this  animal  is  Ukewise  spontaneous)  is  not  succeeded  by  true  gestation. 
The  development  of  the  uterine  glands  is  very  similar  to  that  which  takes 
place  during  pregnancy,  but  in  the  latter  condition  the  secretion  formed 
is  a  source  of  nutriment  to  the  fetus.  The  entire  sequence  of  changes 
is  correlated  with  the  contemporaneous  series  of  ovarian  changes,  the 
corpus  luteum  undergoing  a  degree  of  development  comparable  to  what 
occurs  in  gestation  and  persisting  for  a  period  nearly  or  quite  as  long 
(Marshall  and  Hainan). 

In  the  other  mammals  for  which  the  changes  during  the  oestrous 
cycle  have  been  described  there  is  either  no  pseudo-pregnant  period  or 
else  it  is  very  much  abbreviated  in  correlation  with  the  shortened 
period  of  persistence  of  the  corpus  luteum  which  after  the  dioestrum 
or  short  period  of  sexual  rest,  makes  way,  so  to  speak,  for  a  new  heat 
period  and  a  new  ovulation.  In  the  sow  Corner  has  described  post- 
oestrous  activity  on  the  part,  of  the  uterine  glands  for  eight  or  nine  days, 
after  which  the  epithelial  cells  slowly  revert  to  a  condition  characteristic 
of  heat.  The  changes  therefore  are  suggestive  of  a  shortened  pseudo- 
pregnancy  occurring  under  the  influence  of  the  corpus  luteum  which 
undergoes  retrogressive  changes  in  the  later  part  of  the  dioestrum.  It 
is  i)<)Hsibl(!  also  that  the  growth  stages  of  the  menstrual  cycle  of  man 
represent  partly  a  pseudo-pregnant  growth  and  that  the  destruction 
stagCH  similarly  are  not  simply  prooestrous  but  correspond  to  some 
extent  to  pseudo-pregnunt  regression,  owing  to  the  whole  (;ycl(^  of 
changes  being  compressed  into  one  month.  Lipes  states  that  in  man  the 
conHtrudive  uterine  stage*  commences  as  soon  as  jK)st-oestrous  repair 
is  complet<Mi,  and  there  is  often  great  glaiKhihir  (h^velopment..  Mon;- 
over,  according  to  Ilitschinann  and  Adler,  the  premenstrual  uterus 
undergocM  changes  which  an*  similur  in  character  to  tliose  oliserved  in 
the  pregnant  uterus,  so  tiiat  it  is  possibl(>  to  ri'gard  tiuvse  as  taking  place 
under  the  influence  of  the  corpus  luteum. 
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However  this  may  be,  it  seems  certain  that  the  post-oestrous  uterine 
changes  in  the  non-pregnant  maruspial  cat,  bitch  and  rabbit  (in  the 
latter  animal  only  usually  occurring  under  experimental  conditions) 
are  physiologically  homologous,  and  that  they  take  place  under  the 
influence  of  the  corpus  luteum,  since  apart  from  the  observed  relation 
between  the  growth  and  regression  of  the  corpus  luteum  on  the  one 
hand,  and  the  uterine  mucosa  on  the  other,  the  phenomena  of  pseudo- 
pregnancy  in  the  rabbit  only  supervene  after  a  sterile  coition  which 
induces  ovulation  and  admits  of  the  subsequent  formation  of  the  corpus 
luteum. 

The  existence  of  a  uterine  cycle  correlated  with  the  ovarian  cycle 
has  also  been  shown  in  the  case  of  the  guinea  pig  by  Leo  Loeb. 

Decidual  cells  are  not  normally  formed  in  the  uterine  mucosa  except- 
ing in  true  pregnancy,  but  as  was  first  shown  by  Loeb  in  the  guinea  pig 
nodules  composed  of  decidual  tissue  can  be  induced  to  develop  under 
the  influence  of  direct  stimuli  to  the  mucosa  such  as  the  introduction 
of  a  foreign  body  into  the  uterine  cavity  or  the  making  of  a  number  of 
incisions  in  the  mucosa  so  as  to  break  the  continuity  of  the  tissue.  The 
nodules  which  Loeb  describes  under  the  term  "deciduomata"  arise 
through  the  proliferation  of  the  inter-glandular  connective  tissue.  They 
can  be  induced  to  form  most  readily  from  the  third  or  fourth  to  the 
eighth  or  ninth  days  after  heat  and  therefore  at  a  time  when  freshly 
formed  and  active  corpora  lutea  are  present  in  the  ovaries.  The  for- 
mation of  decidual  tissue  was  not  caused  by  ova  in  the  uterus,  since  it 
took  place  when  that  organ  was  ligatured  off  so  as  to  prevent  the 
passage  of  the  ova.  If  however  the  ovaries  with  their  contained  corpora 
lutea  are  extirpated  deciduomata  are  not  produced.  On  the  other  hand, 
if  pieces  of  uterine  mucosa  are  transplanted  into  subcutaneous  tissue 
decidual  nodules  are  formed  in  the  grafted  tissue.  Loeb  concludes 
therefore  that  for  a  certain  interval  after  ovulation  the  corpora  lutea 
elaborate  a  predisposing  substance  in  the  presence  of  which  indifferent 
stimuli  may  produce  the  formation  of  deciduomata. 

Hammond  has  shown  further  that  placental  tissue  may  be  formed  in 
the  uterine  mucosa  of  the  rabbit  by  similar  methods  but  only  during  an 
experimentally  induced  pseudo-pregnancy.  Such  a  formation  of 
decidual  tissue  is  clearly  comparable  to  that  produced  during  true 
pregnancy  when  corpora  lutea  are  normally  present  in  the  ovaries. 

Long  and  Evans  state  that  in  the  rat  owing  to  the  short  dioestrum 
and  the  corresponding  abbreviation  in  the  duration  of  the  "corpus 
luteum  spurium"  or  "corpus  luteum  of  ovulation"  deciduomata  cannot 
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be  induced  in  the  uterine  mucosa.  If  however  the  female  rat  undergoes 
a  sterile  coition  with  a  vasectomized  male  the  corpus  luteum  persists 
for  a  longer  period  and  the  subsequent  oestrus  is  postponed.  This  is 
believed  to  be  due  to  the  formation  of  the  vaginal  plug  which  extends 
into  the  cervical  canal  of  the  uterus  and  has  a  direct  stimulating  effect 
on  the  mucosa,  producing  a  condition  of  pseudo-pregnancy,  and  the 
corpus  luteum  itself  persists  for  a  longer  period.  The  same  result  can 
be  brought  about  in  the  absence  of  the  male  by  mechanical  stimulation 
of  the  tissues  at  the  anterior  end  of  the  cervix  by  a  tube  or  glass  rod. 
Further  if  during  pseudo-pregnancy  the  uterine  mucosa  were  subjected 
to  irritation  induced  by  injury  or  by  the  introduction  of  fine  threads 
into  the  uterine  cavity  deciduomata  were  formed  in  just  the  same  kind 
of  way  as  with  the  guinea  pig  or  the  rabbit.  It  is  believed  therefore  that 
the  internal  secretion  of  the  persistent  corpus  luteum  sensitizes  the 
uterine  mucous  membrane,  thereby  rendering  it  capable  of  reacting  to 
mechanical  stimulation  in  the  rat  just  as  it  has  been  shown  to  do  in 
the  other  animals  experimented  upon.  In  the  pregnant  animal  in  which 
the  corpus  luteum  also  persi-sts  the  direct  stimulus  is  produced  by  the 
fertilized  ovum. 

The  correlation  between  the  corpus  luteum  and  the  mammary 
GLANDS.  That  the  growth  of  the  mammary  glands  is  dependent  upon  a 
stimulus  derived  from  the  corpus  lutcmn  was  first  shown  by  Ancel 
and  Bouin  in  the  rabbit.  In  the  virgin  rabbit  the  mammary  tissue  is 
limited  to  a  few  ducts  in  the  immediate  neighborhood  of  the  nipple. 
After  ovulation  however  growth  proceeds  rapidly  both  in  pregnancy 
and  in  pseudo-pregnancy  and  at  a  certain  stage  of  development  of  the 
tissue  the  hypertrophy  is  sufficient  to  allow  of  secretory  activity.  As 
already  stated  ovulation  in  the  rabbit  depends  upon  coitus,  so  that  the 
pseudo-pregnant  hypertrophy  of  the  mammary  glands  only  takes  place 
ordinarily  under  experimental  conditions  such  as  when  a  vasectomized 
buck  iH  used.  In  the  marsupial  cat,  as  shown  by  O'Donoghue,  pseudo- 
pregnant  mammary  development  followed  by  milk  secretion  takes  place 
also,  but  in  this  animal  ovulation  is  spontaneous.  The  l)it(;h  is  similar. 
Since  however  the  post-oestrouH  development  of  the  mammary  glands 
(like  the  synchronous  hypertrophic  changes  in  the  uterine  mucosa) 
only  takes  place  in  th(>  rabliit  in  ihv.  pres(>n(>(>  of  cort)ora  lutca,  and  since 
the  parallel  series  of  cliangcH  in  Ikmyurus  and  the  dog  are  also  always 
anociated  with  the  development  of  luteal  tissue,  there  can  be  no  doubt 
that  the  corpus  luteum  is  an  essential  factor  for  tli(>  growth  of  the  milk 
glands  in  all  these  animals.    Moreover,  the  comnkcniH^ment  of  milk 
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secretion  is  marked  by  retrogressive  changes  in  the  corpus  luteum. 
Leo  Loeb  states  that  in  the  guinea  pig  the  corpora  lutea  are  responsible 
for  the  secondary  growth  of  the  mammary  tissue  which  occurs  in  the 
later  period  of  gestation. 

In  the  rat  the  corpus  luteum  formed  as  a  result  of  ovulation  occur- 
ring immediately  after  parturition  is  described  by  Long  and  Evans  as 
the  "corpus  luteum  of  lactation,"  and  it  would  appear  that  in  this  animal 
at  any  rate  luteal  tissue  may  undergo  development  at  the  same  time  as 
actual  milk  secretion,  and  it  is  well  known  that  the  same  process  occurs 
to  a  limited  extent  in  such  polyoestrous  animals  as  the  cow.  It  would 
appear  possible  therefore  that  the  anabolic  changes  involved  in  the 
building  up  of  mammary  tissue  and  the  katabolic  changes  concerned 
in  actual  milk  secretion  may  go  on  simultaneously,  and  that  the  corpus 
luteum  may  exert  an  influence  on  both  phenomena  which  are  to  be 
regarded  as  parts  of  one  process.  The  fact  first  discovered  by  Ott  and 
Scott  that  luteal  extract  injected  into  the  circulating  blood  causes  an 
almost  immediately  outpouring  of  milk  is  evidence  supporting  this  view. 

The  corpus  luteum  in  polyoestrous  animals  and  the  persistent 
CORPUS  LUTEUM.  It  is  Well  known  that  in  polyoestrous  animals 
such  as  the  mare,  the  ewe,  the  cow  and  the  sow  the  corpus  luteum 
persists  for  only  a  short  time  if  pregnancy  does  not  supervene  after 
oestrus.  This,  to  speak  teleologically,  is  to  admit  of  heat  and  ovulation 
recurring  after  a  short  interval,  since  these  processes  cannot  ordinarily 
take  place  in  the  presence  of  a  fully  developed  functional  corpus  luteum 
in  either  ovary.  It  would  appear  that  the  corpus  luteum  when  func- 
tionally active  dominates  the  ovarian  metabolism  and  inhibits  the 
formation  of  the  internal  secretion  which  is  an  essential  factor  in  produc- 
ing prooestrum  and  oestrus  besides  hindering  the  maturation  and 
rupture  of  the  Graafian  follicles.  In  monoestrous  animals  like  the  dog, 
on  the  other  hand,  the  corpus  luteum  persists  during  a  pseudo-pregnant 
period  which  may  be  as  long  in  duration  as  the  period  of  true  gestation, 
since  in  such  animals  a  new  heat  period  is  not  due  in  any  case  until 
many  months  have  elapsed  after  the  previous  ovulation  period. 
Reference  may  be  made  in  this  connection  to  the  observations  of  Heape, 
Noel  Paton,  Blair  Bell  and  others  of  non-pregnant  bitches,  in  many 
cases  virgins,  secreting  milk  at  about  the  time  when  they  would  have 
given  birth  to  pups  had  they  become  pregnant. 

Even  in  polyoestrous  animals,  however,  provided  that  ovulation 
takes  place  spontaneously  in  oestrus,  the  mammary  glands  may  be 
sufficiently  built  up  during  a  succession  of  dioestrous  cycles  as  to  admit 
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of  milk  formation  at  a  later  stage,  for  Woodman  and  Hammond,  and 
more  recently  Asdell  (unpublished  work),  have  found  that  a  fluid  can 
be  drawn  off  in  some  abundance  through  the  teats  of  virgin  heifers, 
and  that  the  fluid  so  obtained  contains  lactose  and  all  the  essential 
constituents  of  milk.  The  degree  of  development  and  functional 
eapacitj'  of  the  mammarj-  glands  of  such  animals  is  in  striking  contrast 
to  those  of  the  virgin  rabbit  in  which  corpora  lutea  are  not  formed  and  in 
which  consequently  development  of  mammary  tissue  does  not  take  place. 

The  cat  resembles  the  rabbit  in  only  ovulating  after  coitus,  as  shown 
by  Longley,  but  Doncaster  has  described  a  female  which  after  copulating 
with  a  sterile  tortoiseshell  male  underwent  mammary  hypertrophy  for 
about  a  month  and  to  an  extent  sufficient  to  result  in  secretion  of  milk 
which  lasted  for  two  weeks.  This  was  clearly  a  case  of  pseudo- 
pregnancy  comparable  to  the  condition  occurring  in  the  doe  rabbit 
after  copulating  with  a  vasectomized  buck. 

It  has  been  mentioned  that  in  the  presence  of  the  corpus  luteum 
ovulation  does  not  take  place.  In  confirmation  of  this  Leo  Loeb  found 
in  the  guinea  pig  that  ovulation  rarely  occurs  within  sixteen  to  eighteen 
days  after  a  preceding  ovulation,  but  that  if  the  corpora  lutea  are 
removed  from  the  ovaries  the  ovulation  interval  may  be  reduced  to 
from  twelve  to  six  days.  Again,  according  to  Pearl  and  Surface,  the 
desiccated  fat-free  extract  of  cow's  corpus  luteum  when  injected  into 
a  laying  fowl,  immediately  inhibits  ovulation,  but  after  ceasing  the 
injections  ovulation  and  laying  proceed  as  before.  Pearl  and  Surface 
state  that  the  sub.stance  which  produces  this  result  is  rendered  inactive 
by  boiling. 

Under  certain  a])normal  conditions  the  corpus  luteum  of  the  non- 
pregnant cow  or  heifer  may  persist  for  a  prolonged  period.  Such  a 
condition  is  usually  associated  with  endometritis  or  some  pathological 
affection  of  the  uterus  or  Fallopian  tubes,  and  stcM-ilitv  with  non- 
occurrence of  oestrus  results.  That  the  non-occurrence  of  oestrus  is 
due  to  the  persistent  corpus  luteum  is  proved  by  the  observations  and 
experiments  of  Zschokke,  Williams,  Hess,  Oi)perMiann,  Pugh,  TiOthe 
and  others  who  have  shown  that  if  the  corpus  luteum  be  removed  or 
dcHtroyed  ocHtrus  will  generally  recur  within  from  3  to  8  days,  and  the 
animal  may  be  got  to  breed.  The  results  of  these  and  other  experi- 
ments carried  out  ufKin  cows  in  vettM'inary  practice  an*  thus  in  strict 
confomiity  with  what  is  known  conceniing  the  influence  of  the  corpus 
luteum  in  the  other  animals  in  which  the  ovarian  and  correlative  proc- 
havc  been  invoKtigatcd  ttnd  d(>H(!rib(>(i. 
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The  OVARIES  and  parturition.  The  study  of  pseudo-pregnancy  in 
the  bitch,  the  experimental  rabbit  and  the  marsupial  cat  throws  some 
light  on  the  factors  responsible  for  parturition.  In  each  of  these  species 
there  is  present  at  the  end  of  pseudo-pregnancy  a  persistent  corpus 
luteum  in  a  condition  of  involution  not  dissimilar  to  that  of  the  corpus 
luteum  verum  at  the  end  of  true  pregnancy.  Further,  pseudo-pregnancy 
can  only  occur  when  a  corpus  luteum  is  present.  Moreover,  all  these 
animals  display  habits  and  instincts  at  the  end  of  pseudo-pregnancy 
which  are  identical  with  or  similar  to  those  associated  with  parturition. 
Thus  the  bitch  may  prepare  a  bed  as  if  for  a  litter  of  pups,  the  doe 
rabbit  plucks  her  breast  of  fur  and  uses  it  to  line  a  nest  (Hammond), 
and  the  female  mai-supial  cat  cleans  out  her  pouch  as  though  for  the 
reception  of  young  (Hill  and  O'Donoghue).  It  has  been  shown  that 
the  occurrence  and  duration  of  pseudo-pregnancy  are  dependent  on  the 
corpus  luteum,  and  consequently  it  is  exceedingly  probable  that  the 
processes  associated  with  parturition  are  similarly  correlated  with 
changes  in  the  amount  or  character  of  the  ovarian  secretions.  Ancel 
and  Bouin  suggested  that  whereas  in  the  first  part  of  pregnancy  the 
tolerance  of  the  uterus  for  the  fetus  was  due  to  the  corpus,  during  the 
second  part  it  was  brought  about  through  the  "myometrial  gland"  of 
the  uterus,  but  Hammond  has  shown  that  it  is  far  more  likely  that  the 
corpus  luteum  is  the  responsible  organ  throughout  the  whole  of  gesta- 
tion, since  this  organ  persists  and  is  apparently  functionally  active  until 
quite  a  late  stage  in  pregnancy,  whereas  in  pseudo-pregnancy  the  corpus 
luteum  and  mammary  glantls  are  never  so  completely  developed  and 
the  former  organ  does  not  retain  its  state  of  maximum  growth  so  long. 
Furthermore  Sharpey  Schafer  has  shown  that  the  ovaries  may  produce 
at  least  two  kinds  of  hormones  which  act  differently  on  plain  muscle, 
one  increasing  contractility  and  the  other  acting  as  an  inhibitor.  The 
respective  amounts  of  these  secretions  probably  vary  at  different  stages 
of  the  cycle  and  may  show  a  relation  to  different  phases  in  the  history 
of  the  follicle  and  corpus  luteum,  but  further  evidence  is  needed  before 
such  a  theory  can  become  anything  more  than  a  suggestion.  Very 
recentl}'^  Dixon  has  carried  out  some  experiments  which  are  calculated 
to  throw  further  light  upon  this  question.  It  is  well  known  that  pituitary 
extract  promotes  uterine  contraction,  and  Dixon  has  shown  that  ovarian 
extract  (\vithout  corpus  lutemn)  when  injected  into  the  circulation 
causes  pituitary  secretion,  but  that  corpus  luteum  extract  has  no  such 
effect.  It  is  possible  therefore  that  during  pregnancy  when  the  corpus 
luteum  dominates  the  ovarian  metabolism,  the  activity  of  the  normal 
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ovarian  secretion  is  reduced,  but  that  at  the  end  of  pregnancy  when  the 
corpus  luteum  has  entered  into  a  state  of  invokition,  the  ovarian 
secretion  reasserts  its  influence,  and  bj'-  activating  the  pituitary  promotes 
those  uterine  contractions  yvhich  are  the  cause  of  parturition. 

The  correlation  between  the  ovaries  and  the  sexual  charac- 
ters. As  ab-eady  mentioned,  there  is  an  undoubted  functional 
correlation  between  the  ovaries  and  the  normal  nutritional  condition 
of  the  uterus  since  ovariotomy  is  followed  by  uterine  degeneration  which 
may  be  arrested  by  the  successful  transplantation  of  an  ovarian  graft 
in  an  abnormal  position.  There  is  some  evidence  that  the  ovarian 
interstitial  cells  are  responsible  for  elaborating  the  internal  secretion 
which  is  responsible  for  maintaining  the  normal  nutrition  of  the  uterus, 
for  Mcllroy  found  that  this  is  preserved  by  ovarian  grafts  in  which  the 
follicle  cells  have  degenerated  and,  of  the  possible  secretory  elements, 
only  the  interstitial  cells  remain. 

The  study  of  the  distribution  and  comparative  physiology  of  the 
ovarian  interstitial  tissue  is  still  however  very  imperfect  and  in  some 
animals  interstitial  cells  have  not  been  discovered,  at  any  rate  in  the 
ovaries  of  the  adult.  Thus,  according  to  Aime,  ovarian  interstitial 
cells  have  not  been  seen  in  the  sheep,  pig,  dog  or  man  or  in  the  adult 
horse,  whereas  they  are  stated  to  be  present  in  the  adults  of  bats, 
insectivora  and  rodents,  in  both  the  fetal  and  the  adult  cat,  and  in  the 
fetal  horse.  llobin.son  states  that  he  has  seen  them  in  the  dog. 
O'Donoghue  has  observed  them  in  marsupials;  and  van  der  Stricht 
and  Athias  in  bats.  Cese-Bianchi  and  Rasmussen  have  described  them 
as  undergoing  cyclical  changes  in  hibernating  animals  such  as  tlio  wood- 
chuck,  becoming  most  active  during  the  times  of  sexual  activity  and 
becoming  much  reduced  during  the  winter  sleep.  Regaud  and  Dul)rouil 
and  Wallart  state  that  the  interstitial  cells  increase  during  pregnancy. 
Evans,  referring  to  the  rat,  says  that  there  is  no  hypertrophy  of  the 
interstitial  tis-sue  at  puberty.  It  is  not  unlikely  that  thoro  is  consider- 
able variation  among  tiie  dilTorent  species  of  niamiuals  in  regard  to  the 
development  and  functional  importance  of  these  cells,  and  it  must  be 
remembered  that  according  to  Lane-( 'laypon  and  Mcllroy  the  follicular 
epithelial  cells  and  interstitial  cells  have  nu  identical  origin  mihI  are 
therefore  probably  potentially  equivalent. 

According  to  Hteinach  and  his  followers,  llie  iiitcrslilial  ('clis  of  the 
ovary  represent  the  "puberty  gland"  of  the  female  organism,  that  is  to 
say,  that  gland  which  is  respoii.siblc  for  all  the  essentially  female  charac- 
teruticH  including  not  only  tlu'  accessory  g(;n(»rative  organs  such  as  the 
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uterus  and  mammary  glands  but  also  the  secondary  characters  of  sex 
and  the  psychological  female  characters.  The  organ  is  called  the 
"puberty  gland"  because  those  characters  which  depend  upon  its 
activity  undergo  marked  development  at  puberty. 

This  view  is  based  upon  a  large  number  of  experiments  and  observa- 
tions upon  various  species  of  mammals.  Male  animals  are  described 
as  becoming  "feminized"  by  the  introduction  of  transplanted  ovaries 
after  the  previous  removal  of  the  testes.  Guinea  pigs  operated  upon 
and  treated  in  this  way  are  stated  to  have  undergone  remarkable 
development  of  the  mammary  glands  and  teats,  and  to  have  produced 
milk  and  even  to  have  suckled  the  young  of  other  individuals.  The 
hair  of  these  feminized  animals  is  said  to  have  resembled  that  of  normal 
females,  being  finer  and  softer  than  in  the  male.  Moreover,  the  guinea 
pigs  with  successfully  transplanted  ovaries  showed  typical  female 
reactions,  such  as  the  "tail-erect  reflex"  normally  concerned  in  coitus, 
and  the  "kick-guarding  reflex"  which  is  employed  by  the  female  to  ward 
off  the  male  prior  to  the  onset  of  oestrus.  Athias,  Moore  and  Sand 
have  also  described  development  of  mammary  tissue  and  milk  secretion 
in  animals  (rats  and  guinea  pigs)  after  the  introduction  of  ovarian 
grafts. 

Steinach  and  Holzknecht  have  studied  the  effects  of  Rontgen  ray 
treatment  on  the  ovaries.  They  state  that  these  showed  a  degemeration 
of  follicles  but  a  survival  or  even  accentuation  of  interstitial  cell  growth. 
Moreover,  the  increase  in  the  interstitial  tissue  following  a  correct 
x-ray  dosage  resulted  in  mammary  growth  and  eventually  in  milk 
secretion.  In  women  one  of  the  effects  was  a  postponement  of  the 
cUmacteric,  All  these  results  are  attributed  to  the  activity  of  the 
female  puberty  gland  which  is  supposed  to  preside  over  the  metabolism 
of  the  accessory  sexual  organs  and  the  secondary  female  characters. 
It  has  been  shown  however  (as  described  above)  that  mammary  develop- 
ment is  normally  due  to  the  activity  of  the  corpus  luteum,  and  if  the 
interstitial  cells  have  any  influence  over  the  milk  glands  in  feminized 
animals  it  is  perhaps  comparable  to  the  slight  hypertrophy  which  takes 
place  during  the  prooestrum  before  ovulation  or  possibly  to  the  primary 
development  of  the  gland  at  the  beginning  of  pregnancy  which,  in  the 
guinea  pig,  Leo  Loeb  distinguishes  from  the  more  pronounced  secondary 
hypertrophy  occurring  later  under  the  influence  of  the  corpus  luteum. 
Otherwise  one  must  assume  that  under  certain  conditions  the  interstitial 
cells  act  vicariously  for  the  corpus  luteum. 

The  experiments  by  Steinach  and  others  on  the  masculinization  of 
females  are  referred  to  below  in  dealing  with  the  male  "puberty  gland." 
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That  the  ovaries  are  functionally  correlated  with  the  development  of 
the  seeondarj'  female  characters  is  more  apparent  in  birds  than  in 
mammals,  since  in  birds  the  neutral  type  is  outwardly  much  nearer 
to  the  male  than  to  the  female,  and  there  is  little  or  no  evidence  that 
ovariotomy  in  any  animals  results  in  the  development  of  distinctively 
male  characters.  Tandler  and  Keller  state  that  removal  of  the  ovaries 
in  heifers  produces  a  type  similar  to  that  of  the  castrated  male,  the  head 
resembhng  the  head  of  the  steer.  In  Herdwick  sheep  which  are  horned 
in  the  male  and  hornless  in  the  female,  ovariotomy  is  not  followed  by 
the  growth  of  horns  (Marshall).  In  other  species  of  mammals  the 
operation  is  negative  in  its  effect  upon  the  bodily  conformation  and 
appearance. 

In  birds,  on  the  other  hand,  ovariotomj'  is  followed  by  very  pro- 
nounced results.  Goodale  and  Pezard  have  shown  that  in  fowls  it 
produces  birds  similar  or  identical  with  castrated  males.  Thus  with 
Brown  Leghorns  the  spayed  hen  assumes  the  plumage  of  the  Leghorn 
cock,  with  red  back,  black  breast  and  long  pointed  hackle  and  saddle 
feathers,  and  spurs  develop  on  the  legs.  The  sickle  and  other  charac- 
teristically male  feathei-s,  however,  did  not  appear,  and  the  comb  and 
erectile  structures  did  not  hypertrophy  as  they  do  in  the  male. 
Goodale  also  removed  the  ovary  from  the  Rouen  duck  and  found  that 
the  bird  to  a  very  great  extent  assumed  the  plumage  of  the  drake. 
Duerden  and  Fitzsimons  record  that  ovariotomy  in  the  ostrich  is 
followed  by  retention  of  the  ordinary  body  color,  but  that  the  normally 
grey  feathers  assume  the  black  coloration  of  the  cock,  a  fact  which  has 
been  taken  advantage  of  for  commercial  purposes  by  South  African 
ostrich  farmers  who  make  a  practice  of  spaying  certain  of  the  hens. 
Zawa<lowHky  has  described  the  effect  of  ovarian  ablation  in  pheasants, 
and  these  are  essentially  similar  to  the  de-sexcd  females  presenting  a 
close  superficial  resemblance  to  cock  birds  of  the  same  species. 

Such  observations  as  these  have  led  Lipscliiil  z  and  IV/ard  to  (elaborate 
the  idea  of  a  neutral  or  indifferent  type  upon  wliich  tin?  internal  secre- 
tions of  the  generative  glands  operate,  and  it  is  suggested  that  even  in 
the  embryo  there  are  sexual  endocrine  organs  which  are  responsible  for 
initiating  the  growth  of  the  distinctively  male  or  female  characteristics. 
This  idea  receives  support,  from  Minoura's  experiments  on  chicks. 
'I'hi.s  investigator  removed  portions  of  the  <'gg  shells  during  the  second 
week  of  incubation  and  transplanted  onto  the  chorio-allantoie  mem))rane 
portions  of  gonads  from  other  individuals,  and  by  this  method  suc- 
ceeded in   prfNlueing  clifferent  grades  of  intersexuality.      TIm'  grafts 
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were  obtained  both  from  other  chicks  and  from  older  birds  but  the 
effects  were  the  same,  and  in  female-type  embiyos  the  right  ovary, 
which  usually  atrophies  with  birds,  might  be  got  to  persist  as  a  result 
of  a  successful  ovarian  graft.  Further  experiments  dealing  with  this 
subject  are  described  below  in  considering  the  internal  secretory  activ- 
ities of  the  testis. 

It  is  not  known  what  precise  ovarian  elements  are  responsible  for 
the  production  of  the  hormone  which  is  an  excitant  for  the  develop- 
ment of  the  female  organs  and  characters  or  the  possible  inhibition  of 
the  distinctively  male  ones,  and  in  birds  there  is  even  less  evidence  upon 
this  question  than  there  is  in  mammals  (cf.  Hartman  and  Hamilton). 

The  internal  testicular  secretion  and  the  male  generative 
CYCLE.  In  most  male  mammals  there  is  a  rutting  season  which  occurs 
at  the  same  time  as  the  sexual  season  in  the  female,  and  spermotogenesis 
is  confined  to  this  time.  The  periodic  activity  of  the  testis  is  usually 
correlated  with  a  great  increase  in  the  size  of  that  organ.  Thus  in  the 
mole  according  to  Rdgaud  and  Lecaillon  the  testicles  increase  in  bulk 
sixty-four  times. 

As  is  well  known,  the  growth  of  the  accessory  male  organs  and  the 
secondary  male  characters  is  dependent  upon  the  presence  of  the  testes, 
and  this  is  true  not  only  of  the  pubertal  growth  but  of  the  periodic  or 
seasonal  development  where  such  occurs.  Thus  the  vesiculae  seminales, 
the  prostate  and  other  accessory  sexual  organs  of  the  adult  male  hedge- 
hog which  undergo  an  enormous  development  periodically  with  the 
approach  of  rut,  fail  to  do  so  after  the  removal  of  the  testes  (Marshall), 
and  it  is  well  known  that  the  antlers  of  the  stag  do  not  undergo  their 
annual  growth  if  the  animal  be  previously  castrated,  notwithstanding 
that  the  stag  may  have  reached  maturity  and  grown  antlers  in  the 
previous  year  before  the  operation  was  performed.  Again  in  Herd  wick 
rams  the  presence  of  the  testes  is  not  only  necessary  for  the  initiation  of 
horn  growth  but  also  for  its  continuance,  since  the  the  horns  cease  to 
grow  forthwith  after  castration  and  at  any  stage  of  development  (Mar- 
shall). That  the  testis  exerts  its  influence  through  the  medium  of  the 
circulating  blood  and  therefore  by  means  of  an  internal  secretion  is 
proved  by  the  effect  of  testicular  grafts  in  abnormal  positions  in  just  the 
same  kind  of  way  as  with  the  female.  This  was  first  definitely  shown 
by  Berthold  in  1849. 

The  glandular  substance  of  the  testis  consists  of  the  spermatogenetic 
tissue  contained  within  the  seminiferous  tubules  (together  with  the  cells 
of  Sertoli)  which  are  generally  believed  to  have  a  nutritive  or  supporting 
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function  connected  with  the  production  of  the  reproductive  cells,  and 
the  interstitial  tissue  consisting  of  the  cells  of  Leydig  which  lie  outside 
of  and  between  the  tubules  and  are  collectively  included  by  Steinach 
under  the  term  "puberty  gland."  They  are  believed  by  this  physi- 
ologist to  correspond  in  the  male  to  the  interstitial  or  puberty  gland 
of  the  ovary.  There  has  been  a  considerable  amount  of  controversy 
as  to  the  seat  of  production  of  the  internal  testicular  secretion,  but  the 
bulk  of  the  evidence  seems  to  show  that  it  is  produced  exclusively  by  the 
interstitial  cells,  at  least  among  mammals;  indeed  the  evidence  is  far 
clearer  in  the  case  of  the  male  than  it  is  for  the  female. 

Bouin  and  Ancel  appear  to  have  been  the  first  to  show  that  when  in  the 
horse  and  other  animals  the  vasa  deferentia  are  ligatured  the  sper- 
matogenetic  tissue  of  the  testis  gradually  ceases  to  be  functional  and 
eventually  undergoes  degeneration.  This  result  is  possibly  due  to  the 
semen  failing  to  escape  and  so  exercising  an  inhibitory  influence  by  back 
pressure  upon  the  tubules  where  sperm  production  consequently  ceases. 
The  interstitial  cells  however,  since  they  are  outside  the  tubules,  do  not 
degenerate.  Copeman  working  upon  rats  obtained  similar  results. 
Moreover  Shattock  and  Seligmann  found  that  in  Herdwick  rams,  not- 
withstanding the  degeneration  of  the  spermatogenetic  tissue  brought 
about  by  occluding  the  vasa  deferentia  the  horns  which,  in  this  breed 
characterize  the  male,  grew  normally.  Subsequently  Tandler  and  Gross 
described  the  effects  of  subjecting  the  testes  of  the  roebuck  to  the 
Rontgon  rays.  They  found  that  the  spermatozoa  and  spormatogenetic 
tissues  are  destroyed  but  the  interstitial  tissue  remains  unaffected,  and 
in  correlation  with  its  presence  the  horns  of  the  roebuck  undergo  develop- 
ment as  in  the  nonnal  male.  Evidence  pointing  in  the  same  direction 
is  furnished  by  those  cases  of  cryptorchism  where  the  undescended 
testicles  come  to  consist  of  interstitial  tissue  only  and  yet  sexual  desire 
is  manifested  and  the  secondary  male  chanicleis  are  doveloj)ed. 
Lipschutz  has  shown  that  in  the  guinea  pig  a  portion  of  testicular  tissue 
one-sixteenth  of  the  normal  size  and  consisting  mainly  of  interstitial 
tissue  may  suffice  to  admit  of  the  development  of  ihv  secondaiy  sexual 
characters.  The  evidence  that  the  interstitial  cells  are  functionally 
responsi})lc  for  the  production  of  the  testicular  hormone,  and  that  the 
genninativc  cells  play  no  part  in  the  process,  at  least  in  mammals, 
seems  to  be  very  strong. 

That  there  is  an  interstitial  gland  before  birth  was  shown  in  the  horse 
by  Bouin  and  Ancel  who  statj-  that  it  diminishes  in  the  later  stages  of 
intra-utorine  life,  the  formal  ion  of  new  interstitial  tissue  beginning 
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some  time  after  birth,  but  not  being  completed  until  spermatogenesis 
occurs.  Aron  has  recently  recorded  similar  observations  in  the  sheep 
and  pig.  Lipschiitz  and  others  have  suggested  that  this  fetal  interstitial 
gland  is  responsible  for  the  early  sexual  differences,  a  conclusion  which 
receives  some  support  from  Lillie's  work  on  the  free-martin  and 
Minoura's  transplantation  experiments  with  chicks.  Furthermore 
Lillie  states  that  Bascom,  working  in  Lillie's  laboratory,  has  found 
interstitial  cells  of  the  same  character  as  those  of  the  adult  and  filled 
with  secretory  granules  in  the  fetal  testis  of  the  bull-calf  at  a  stage  of 
development  represented  by  an  embryo  length  of  about  thirty 
millimeters. 

It  has  already  been  mentioned  that  in  the  hedgehog  the  accessory 
male  organs  undergo  a  very  pronounced  periodic  growth  after  hiberna- 
tion and  with  the  approach  of  the  breeding  season.  This  is  associated 
with  a  great  testicular  development  which  affects  not  only  the  spermato- 
genetic  tissue  but  also  the  interstitial  cells;  indeed  the  latter  proliferate 
even  more  than  the  spermatogenetic  cells  and  the  tubules  come  to  be 
widely  separated.  Similar  facts  have  been  recorded  for  the  mole 
(L^caillon)  and  the  woodchuck  (Hansemann,  Rasmussen). 

The  remarkable  periodic  increase  in  the  size  of  the  testis  of  birds  has 
long  been  known  but  the  question  as  to  the  seat  of  production  of  the 
internal  testicular  secretion  in  birds  is  still  an  open  one.  Des  Cilleul 
stated  that  the  appearance  of  the  interstitial  cells  in  the  cock  coincided 
with  that  of  the  secondary  sexual  characters,  and  that  the  development 
proceeded  synchronously,  but  other  observers  have  taken  a  different 
view.  The  divergence  appears  to  relate  mainly  to  the  question  as  to 
whether  the  so-called  interstitial  cells  in  birds  are  really  internally 
secretory  in  the  sense  in  which  they  appear  to  be  in  mammals.  Thus 
Boring  states  that  interstitial  tissue  is  abundant  in  the  testes  of  newly 
hatched  chicks  but  that  there  is  no  evidence  that  it  produces  an  inter- 
nal secretion.  Reeves  found  interstitial  tissue  in  young  cocks  five 
and  one-half,  nine  and  eighteen  months  old.  Pezard  maintains  that 
the  internal  testicular  secretion  is  produced  by  the  germinative  cells 
or  the  cells  of  Sertoli.  On  the  other  hand  Watson  found  in  the  green- 
finch that  there  were  definite  epitheloid  interstitial  cells  but  that  they 
showed  their  most  pronounced  development  in  the  non-sexual  season, 
and  that  as  spermatogenesis  approached  they  decreased  in  number. 
More  recently  Massaglia,  as  a  result  of  experiments  on  the  effects  of 
ligation  of  the  vasa  def erentia,  found  that  there  was  a  degeneration  of  the 
spermatogenetic  tissue  but  no  such  effect  upon  the  interstitial  cells, 
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and  that  in  correlation  with  this  the  secondary  male  characters  were 
normal.  These  experiments,  therefore,  were  similar  both  in  method 
and  result  to  those  with  the  mammals  described  above.  Nevertheless, 
Stieve  working  on  the  jackdaw  states  that  there  is  no  increase  in  the 
interstitial  cell  growth  in  correlation  with  the  development  of  the  male 
characters,  and  is  disposed  to  deny  any  endocrine  function  to  the  inter- 
stitial tissue  of  the  testis. 

Among  the  lower  vertebrates  Aron  has  adduced  evidence  of  a  correla- 
tion between  the  periodic  changes  of  a  pecuhar  testicular  gland  and  the 
recurrence  of  oestrus  in  the  newt  {Molge  cristata).  The  gland  is 
situated  near  the  hilum  of  the  testis;  it  develops  at  the  commencement 
of  the  sexual  season  when  its  cells  proliferate,  their  protoplasm  becoming 
filled  with  large  fatty  granules;  it  persists  until  the  time  when  the 
nuptial  characteristics  begin  to  disappear  when  the  gland  also  under- 
goes retrogression.  It  had  already  been  demonstrated  that  after  castra- 
tion the  male  nuptial  charactere  do  not  make  their  appearance  but  Aron 
found  that  the  same  result  could  be  brought  about  by  the  destruction 
of  the  special  gland  above  referred  to  at  the  beginning  of  heat,  not- 
withstanding the  fact  that  the  seminiferous  tissue  of  the  testis  was  not 
interfered  with.  If  the  gland  was  only  incompletely  destroyed  then 
the  nuptial  changes  proceeded  normally.  Axon's  conclusions  have  been 
criticized  by  Champy,  but  there  nevertheless  appears  to  be  a  strong 
presumptive  case  that  the  gland  in  question  is  physiologically  homol- 
ogous with*  the  interstitial  gland  of  mammals. 

Among  fishes  it  has  been  shown  by  CourricM-  that  in  Ga,sterof<tcus 
acidealwi  the  testicular  interstitial  cells  assume  a  glandular  appearance 
at  about  the  time  of  the  nuptial  transformation  and  after  spermato- 
genesis has  taken  place.  In  the  absence  of  this  (?hango  on  the  part  of 
the  interstitial  gland  the  typical  development  of  nui)tial  ciuiract  eristics 
does  not  occur.  Moreover  Courrier  concludes  that  the  interstitial 
gland  cannot  be  of  the  nature  of  a  trophic  organ  for  the  spormatogenc'tic 
cells,  since  these  undergo  development  before  the  interstitiul  trans- 
formation. The  general  conclusion  reached  is  that  the  interstitial 
gland  in  fishes  is  homologous  with  that  described  by  Aron  for  amphibians 
and  with  tin;  mamnialiaii  interstitiul  ghtnd  of  Ancel  and  Boiiin. 

ThK   TE8TICULAR   HORMONE   CONHIDKUED    IN    RELATION    TO    SEX    DIF- 

FKHENCKH.  It  wIll  hav<»  been  Hocn  that  there  is  strong  evidence:  that 
the  inierKtitial  tiHsue  of  the  U'stis  produces  an  internal  secretion  whidi 
JM  roMfKiriMlliie  for  the  developmental  changes  whi(rh  oc(Hir  in  the  male 
ttt  ptilxTty  iiH  well  ttM  for  the  periodic  changes  associated  with  Ihc  mule 
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generative  cycle,  including  both  those  which  relate  to  the  accessory- 
generative  organs  and  those  shown  by  the  secondary  sexual  characters. 
Steinach  and  his  co-workers  have  gone  further  and,  as  a  result  of  a  large 
number  of  experiments,  mostly  on  testicular  transplantations  into 
females,  ascribe  to  the  interstitial  gland  a  definite  sex-determining 
influence. 

In  experiments  upon  guinea  pigs  and  rats  it  was  found  that  when  the 
testes  were  transplanted  into  young  females  from  which  the  ovaries 
had  been  removed,  the  clitoris  developed  into  a  penile  structure  and 
there  were  manifestations  of  sexual  desire  as  displayed  by  males; 
moreover  the  animals  grew  to  the  size  of  males.  Such  individuals  are 
regarded  as  being  sexually  inverted  or  masculinized  in  just  the  same 
way  as  in  the  converse  experiments  males  with  ovarian  grafts  apparently 
became  feminized.  In  such  animals  only  the  intei-stitial  gland  survived. 
Lipschiitz  has  studied  the  anatomy  of  the  hypertrophied  chtoris  in  the 
inverted  guinea  pig  and  found  that  it  contained  corpora  cavernosa  as 
well  as  the  quill-shaped  horny  spikes  which  are  characteristic  of  the 
penis  in  that  animal.  Steinach 's  experiments  have  been  confirmed  and 
extended  by  Sand  and  by  Moore  who  however  state  that  they  were 
able  also  to  produce  experimental  hermaphrodites,  testes  being  trans- 
planted successfully  into  entire  females  and  ovaries  into  entire  males 
when  the  gonads  of  each  kind  exerted  an  influence  on  the  appropriate 
accessory  sex  organs  without  causing  a  degeneration  of  the  organs 
correlated  with  the  opposite  sex. 

Steinach's  theory  that  the  internal  secretions  of  the  gonads  and 
probably  of  the  interstitial  gland  are  the  principal  factor  in  sex  deter- 
mination, receives  strong  support  from  the  observations  made  by 
Tandler  and  Keller,  and  by  Lillie,  on  the  "free-martin."  These  in- 
vestigators showed  independently  but  about  the  same  time  that  the 
bovine  free-martin  is  a  partial  hermaphrodite  or  rather  an  inter-sexual 
individual  which  started  as  a  female  but  became  modified  during 
embryonic  development.  They  observed  that  in  such  an  animal  the 
blood  vessels  of  the  chorion  anastomosed  with  those  of  its  fellow,  that 
is,  with  the  vessels  of  the  co-twin  which  after  birth  becomes  a  normal 
fertile  bull.  The  generative  organs  of  the  male  were  shown  to  be  in  a 
more  advanced  stage  of  development  than  those  of  the  female  at  the 
same  age,  and  the  conclusion  was  drawn  that  the  hormone  produced  by 
the  fetal  testis  exerted  an  influence  over  the  organs  of  the  originally 
female  twin  at  an  early  stage  before  the  ovary  as  an  internally  secreting 
organ  was  functionally  active.     The  testicular  hormone  coming  from 
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the  normal  male  twin  was  of  course  carried  in  the  common  circulating 
fluid  through  the  united  vessels  of  the  two  chorionic  membranes. 
Furthermore,  as  alreadj'  mentioned,  Bascom  has  found  a  well-developed 
interstitial  gland  in  the  testis  of  the  bull  embryo  at  the  stage  in  question. 
Lastly,  Lillie  found  that  the  two  embryos  (free-martin  and  normal 
male)  arise  from  different  ova  as  proved  by  the  presence  of  two  corpora 
lutea  in  the  ovaries,  and  not  from  a  single  ovum  as  had  been  previously 
suggested  by  Berrj^  Hart  and  others. 

This  theorj'  of  the  free-martin  has  received  confirmation  from 
Minoura's  experiments  upon  transplanting  gonads  of  chicks.  As 
related  above,  Minoura  removed  a  portion  of  the  shell  of  the  incubating 
egg  and  grafted  on  to  the  chorio-allantoic  membrane  a  piece  of  gonad 
from  an  individual  of  the  opposite  sex,  and  in  this  way  obtained  artificial 
free-martins  or  inter-sexual  individuals  among  fowls.  All  degrees  of 
inter-se\uaUty  were  produced.  Inter-sexes  among  pigeons  obtained 
by  injecting  extracts  of  gonad  as  well  as  by  other  methods  have  been 
described  by  Riddle.  The  whole  of  this  work  together  with  many  other 
instances  of  inter-sexuaUty  among  various  groups  and  species  of  animals 
is  well  reviewed  by  Goldschmidt  in  his  recent  work  on  sex-determination. 

The  effects  of  gonadectomy  in  various  vertebrates  are  also  in  general 
accord  with  Steinach's  views  on  sex-determination.  This  is  seen 
very  strikingly  in  birds  in  which  it  has  been  shown  by  Goodale,  P6zard, 
Zawadowsky  and  others  that  the  result  of  castration  in  either  sex  is  t6 
produce  a  neutral  type  which  in  this  class  is  much  closer  to  the  normal 
male  than  to  the  normal  female,  the  exact  converse  being  the  case  in 
mammals.  Thus,  removal  of  the  testis  in  the  cock  has  little  effect 
upon  the  general  plumage  or  the  spurs  but  the  comb  and  other  erectile 
structures  do  not  develop.  In  pheasants  the  results  arc  similar. 
Ovariotomy  on  the  other  hand,  as  already  mentioned,  is  followed  by  an 
aasumption  of  the  plumage  usually  associated  with  the  male  and  by  a 
growth  of  the  spurs,  but  tlie  erectile  organs  do  not  hypertroi)hy. 
Similarly  in  the  ostrich  Duerden  has  shown  that  gonatlcctomy  in  either 
eex  resullH  in  simihir  individuals.  Among  mammals  also  Tandlor  and 
Keller  state  that  rcniovul  of  the  gomids  from  cattle  produces  a  con- 
vergence of  type,  this  being  seen  especially  in  the  shape  of  the  head. 
All  these  obflervations  arc  an  indication  that  the  gonads  play  a  very 
important  rAle,  if  not  indeed  the  main  one,  in  determining  which  sex  is 
to  develop,  thus  confirming  the  view  that  under  certain  conditions  the 
chromoflomo  constitution  nomially  associated  with  a  pMrticular  sex 
can  l>e  overridden  and  the  opposite  sex  produced. 
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The  "puberty  gland"  and  rejuvenescence.  The  idea  of  a  con- 
nection between  testicular  influence  and  rejuvenescence,  originally  put 
forward  by  Brown  Sequard  as  part  of  his  general  theory  of  the  metabolic 
effects  of  the  internal  secretions  of  the  gonads,  has  been  brought  into 
prominence  again  recently  by  Steinach  and  some  other  writers  with 
special  reference  to  the  interstitial  or  puberty  gland.  Thus  it  has  been 
claimed  by  Voronoflf  that  successful  transplantation  of  testicular  inter- 
stitial tissue  into  the  aged  has  been  followed  by  rejuvenation  and 
generally  beneficial  results,  and  the  grafting  of  interstitial  gland  obtained 
from  apes  has  been  recommended.  Voronoff  records  further  a  large 
series  of  experiments  upon  goats,  sheep  and  other  animals.  Successful 
testicular  transplantation  in  man  had  been  previously  recorded  by 
Steinach,  Lichtenstern,  and  others. 

According  to  Steinach,  rejuvenation  can  also  be  brought  about  by 
vasectomy  or  ligaturing  of  the  vas  deferens,  operations  which  result 
sooner  or  later  in  the  atrophy  of  the  spermatogenetic  tissue  without 
interfering  with  the  interstitial  tissue.  It  is  not  clearly  understood 
why  the  spermatogenetic  tissue  should  be  destroyed  as  a  consequence 
of  the  operation,  and  the  results  obtained  by  various  observers  are  by 
no  means  uniform.  Thus  in  testicular  grafts  in  fowls  spermatogenesis 
is  known  to  continue  for  some  time  at  any  rate  after  the  transplanted 
organ  has  become  attached  and  without  there  being  any  exit  for  the 
seminiferous  fluid  or  spermatozoa.  There  can  be  no  doubt  however 
that  vasectomy  does  frequently,  if  not  usually,  result  in  cessation  in 
the  production  of  the  spermatozoa  and  sooner  or  later  in  the  degenera- 
tion of  the  seminiferous  tubules  as  shown  originally  bj'^Ancel  and  Bouin. 
(Cf .  Myers,  etc.)  Steinach  goes  further  and  states  that  as  a  consequence 
of  the  changed  conditions  in  the  testis  the  interstitial  tissue  undergoes 
hypertrophy  and  the  resulting  rejuvenation  of  the  organism  is  attrib- 
uted to  this  hypertrophy  on  the  part  of  the  puberty  gland.  The 
operation  has  been  done  upon  aged  men,  both  bilaterally  and 
unilaterally,  and  is  stated  to  have  been  followed  by  favorable  results. 
The  advantage  of  the  unilateral  operation  is  that  one  testis  remains 
fully  functional. 

Steinach  found  that  normal  unoperated  rats  seldom  lived  for  more 
than  twenty-six  months  but  that  individuals  in  which  the  vas  was  cut 
or  ligatured  might  live  for  thirty-six  months,  and  this  increase  in  the 
longevity  is  attributed  to  the  hypertrophy  of  the  puberty  gland.  It 
must  be  pointed  out,  however,  that  Slonaker  in  an  investigation  upon 
the  natural  life  of  the  rat  found  that  the  normal  duration  was  about 
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forty  months  and  Donaldson  says  that  the  average  duration  is  only 
slightly  less. 

Romeis  states  that  he  could  find  no  histological  evidence  that  ligature 
of  the  vas  brought  about  any  augmentation  in  the  interstitial  cells  of 
the  testis,  and  that  the  increase  in  size  on  the  part  of  the  vesiculae 
seminales  and  prostate  which  occurred  (as  in  Steinach's  experiments) 
was  due  to  post-operative  stasis  and  was  not  a  true  functional 
hypertrophy. 

On  the  other  hand,  in  confirmation  of  Steinach,  Sand  has  recorded 
an  experiment  upon  a  dog  which  showed  all  the  signs  of  senility  but  after 
the  operation  of  bilateral  vasectomy  was  restored  to  a  condition  of 
physical  robustness  and  generally  rejuvenated.  Harms  also  has  de- 
scribed experiments  upon  other  animals  with  similar  successful  results. 

A  possible  fallacy  underlying  all  these  experiments  is  that  the  result 
of  any  nutritional  or  other  environmental  influence  is  not  easy  to  deter- 
mine and  may  be  neglected  while  effective  control  experiments  are  a 
matter  of  difficulty.  Moreover,  in  the  case  of  operated  men  it  is  always 
possible  that  the  results  are  in  part  at  least  due  to  suggestion. 

Mottram  and  Cramer  have  recently  carried  out  a  series  of  experi- 
ments upon  rats  in  which  the  testes  were  irradiated  over  long  periods  by 
successive  small  doses.  They  found  that  the  animals  put  on  weight 
more  rapidly  than  the  controls  and  became  very  obese  whereas  castrated 
rats  did  not  put  on  fat.  The  seminiferous  tubules  underwent  intense 
atrophy  and  apparently  as  a  result  of  reduced  pressure  which  admitted 
of  a  freer  blood  supply  th(»  interstitial  cells  became  hyportroplii(Hl.  As 
a  consequence  chang(?s  (atrophic  in  their  essential  nature)  were  pro- 
duced in  the  intermediate  and  posterior  portions  of  the  pituitary.  The 
authors  put  forward  the  view  tliat  in  dystrophia  athposogenitahs  where 
the  primary  lesion  is  in  the  pituitary,  the  sequelae  are  first,  atrophy 
of  the  seminiferous  tubules,  secondly,  hypertrophy  of  the  interstitial 
tifiHUe,  and  thirdly,  adiposity.  It  is  suggested  further  that  deposition 
of  fat  occurring  in  a  senile  organism  as  a  consequence  of  interstitial 
hypertrophy  may  be  the  real  basis  for  the  claims  of  rejuvenation  made 
by  Steinach  and  others  in  iUit  experiments  and  observations  recorded 
above.  Cramer  and  Mottram  however  found  that  vasectomy  in  rats 
wa«  not  followed  by  degeneration  of  the  seminiferous  tubules  or  hyj)er- 
trophy  of  the  interstitial  tissue. 

The  qucHtion,  therefore,  as  to  the  supposed  rejuvenating  influence 
of  va«ectomy  and  tin*  hypertrophy  of  the  inter.stitiiil  gland  is  still  an 
open  one,  but  there  can  be  no  doubt  that  in  mamniuls  \\\o  secretion 
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elaborated  by  this  organ  is  responsible  for  the  development  of  the 
pubertal  characters,  while  there  is  accumulating  evidence  that  the 
predecessor  to  this  gland  in  fetal  life  is  a  very  important  factor  in  sexual 
differentiation  before  birth. 
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CHEMOTHERAPY 

H.  H.  DALE 
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I.  Introduction.  By  intoducing  the  name  "Chemotherapy"  Ehr- 
lich  intended  to  mark  off,  from  the  general  body  of  Pharmacology,  a 
particular  type  of  investigation,  having  as  its  aim  the  discovery  of 
chemical  substances  acting  specifically  on  pathogenic  infections.  This 
attempt  to  erect  a  new  boundary  fence,  to  delimit  a  new  plot  in  the 
scientific  field,  has  not  passed  altogether  without  criticism.  It  could 
be  urged,  and  not  without  some  justice,  that  the  application  of  specific 
remedies  to  combat  particular  infections  was  as  old  as  the  use  of  cin- 
chona for  the  cure  of  malarial  fevers,  of  ipecacuanha  for  that  of  tropical 
dysentery,  and  of  mercury  for  that  of  syphilis;  and  that  the  study  of 
the  action  of  these  remedies  had  long  been  included  in  the  orthodox 
pharmacology.  It  can  even  today  be  truly  stated  that,  with  the 
exact  knowledge  now  available  concerning  the  protozoal  parasites  of 
malaria  and  dysentery,  chemotherapy  has  made  no  real  advance  on 
the  traditional  remedies  for  these  diseases.  Such  improvements  as 
have  been  made  have  resulted  from  a  more  accurate  knowledge  and 
complete  separation  of  their  alkaloids — a  type  of  investigation  having 
certainly  a  closer  relation  to  the  conventional  pharmacology  than  to 
the  special  methods  of  chemotherapy.  On  the  other  hand  there  was 
justification  for  Ehrlich's  suggestion  that  pharmacology  had  devoted 
attention  almost  exclusively  to  a  detailed  analysis  of  the  symptoms 
produced  in  higher  animals  by  toxic  doses,  even  of  remedies,  such  as 
quinine,  which  owed  their  therapeutic  reputation  to  specific  cure  of 
definite  infections.  Chemotherapy,  as  he  conceived  it,  was  to  shift 
the  focus  of  interest  to  the  action  on  the  parasites.  Its  aim  must  be 
the  discovery  of  substances  maximally  toxic  for  the  infecting  parasite, 
and  minimally  toxic  for  the  infected  host.  His  lifelong  study  of  the 
distribution  of  chemical  substances,  especiallj'  of  dyestulTs,  among  the 
organs  of  the  body  into  which  they  had  been  introduced,  and  the 
chemical  terms  in  which  he  was  accustomed  to  interpret  such  observa- 
tions, provided  a  conception,  diagrammatic  in  its  simplicity,  for  the 
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mode  of  action  of  such  substances.  The  substance,  given  the  requisite 
toxic  properties,  would  kill  or  injure  only  the  cells  to  which  it  became 
fixed  by  reason  of  its  chemical  affinities.  The  aim  of  chemotherapeutic 
investigation,  therefore,  must  be  to  find  toxic  substances  which,  having 
a  strong  affinity  for  the  protoplasm  of  the  parasite  and  a  weak  affinity 
for  that  of  the  cells  of  the  host,  could  be  administered  in  sufficient 
doses  to  kill  the  infecting  organism  and  leave  the  host  unscathed. 
The  search  must  be  for  substances  which  are  maximally  "parisitotropic" 
and  minimally  "organotropic." 

It  will  be  found  difficult,  as  yet,  to  form  a  just  opinion  as  to  the 
role  which  this  simple  conception  has  played  in  the  development  of 
chemotherapy  during  recent  years.  It  is  hardly  likely  that  it  will 
retain  permanent  status  as  an  exact  scientific  theory.  The  knowledge 
yet  available  concerning  the  chemistry  of  the  protoplasm  has  no  point 
of  contact  with  a  conception  of  this  kind.  Such  knowledge  affords  no 
suggestion  as  to  the  nature  of  the  chemical  differences  between  the 
protoplasm  of  the  vertebrate  and  that  of  the  unicellular  parasite,  and 
furnishes  no  basis  for  prediction,  or  even  for  surmise,  with  regard  to 
their  differential  affinities  for  chemical  substances  of  known  constitu- 
tion. When  a  certain  substance  is  found  to  cause  the  disappearance 
of,  say,  a  particular  species  of  trypanosome  from  the  blood  of  an  in- 
fected mouse,  without  harming  the  mouse,  and  fails  to  remove  a  similar 
infection  from  the  rat,  when  administered  in  tloscs  which  that  animal 
can  tolerate,  these  observations  are  taken  to  indicate  that  the  ratio 
of  its  parasitotropic  to  its  organotropic  properties  is  more  favorable  in 
the  mouse  than  in  the  rat.  Essentially,  liowever,  this  is  a  more  re- 
statement of  the  observed  fact,  that  the  mouse  can  be  cured  but  the 
rat  cannot.  The  supposition  that  the  result  is  determined  by  the 
diHtribution  of  the  substance  between  the  cells  of  the  host  and  the 
parasites  is  not  based  on  independent  evidence;  such  evidence  as 
exists,  apart  from  the  curative  result,  is,  in  fact,  not  favorable  to  the 
conception.  For  example,  the  presence  in  the  host's  blood  of  i)arasitos 
having  s  preferential  affinity  for  the  toxic  drug  might  be  expected  to 
exert  an  antitoxic  action,  by  diverting  its  action  from  the  tissues. 
Certainly  if  thiw  relation  were  found  to  be  tlic  rule,  it  would  be  clniuu'd 
BB  evidence  in  favor  of  the  conception.  ITic  relation  actually  observed, 
however,  is  the  opposite  of  this;  it  is  the  infected  ttuimal  whidi  is  iho. 
leas  resistant.  In  animals  of  the  same  species,  again,  suiTcrin^  from  the 
same  infection,  the  effect  of  a  drug  on  the  parasites  should,  on  the 
•imple  distribution  theory,  become  stronger  in  proportion  as  its  action 
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on  the  host  becomes  weaker.  In  some  cases  where  a  relation  between 
the  intensities  of  the  two  effects,  on  the  infecting  parasite  and  on  the 
host,  has  been  observed,  it  is  the  reverse  of  this;  the  more  sensitive 
individual  is  the  more  easily  cured.  Again,  the  observation  that,  in 
many  cases,  a  remedy  acting  potently  against  a  certain  infection  in  vivo 
is  practically  without  visible  action  on  the  parasites  in  vitro,  is  not,  by 
itself,  consistent  with  the  simple  conception  that  its  curative  action  is 
due  to  its  chemical  affinity  for  the  parasites.  It  is  true  that  these 
various  anomalies  can  be,  and  have  been  more  or  less  successfully 
reconciled  with  the  original  theory  attributing  curative  action  to 
specific  chemical  affinity;  but  this  can  only  be  effected  by  the  intro- 
duction of  subsidiary  hypotheses,  which  mostly  involve  considerations 
of  the  interaction  between  the  drug  and  the  tissues  of  the  host.  The 
original  conception  can  thus  be  redeemed  from  inconsistency  with  the 
observed  facts;  but  the  possibility  only  suffices  to  show  that  it  is  not 
necessarily  untrue.  Positive,  independent  support  for  the  basic  as- 
sumption of  preferential  affinity  is  curiously  difficult  to  find. 

In  these  circumstances  it  is  impossible  to  feel  confidence  as  to  the 
general  and  permanent  validity  of  Ehrlich's  method  of  interpreting  the 
facts.  On  the  other  hand  it  cannot  be  doubted  that  his  bold  concep)- 
tion  has  played  a  part  of  enormous  importance  in  stimulating  investi- 
gation. If  the  truth  of  a  theory  could  be  judged  by  the  practical  results 
which  have  resulted  from  efforts  to  test  and  apply  it,  this  one  would 
indeed  be  firmly  established.  But  though,  in  the  process  of  opening 
up  a  new  territory  for  research,  the  practical  value  of  a  theory  may 
largely  be  determined  by  its  power  of  stimulating  and  encouraging 
experiment,  and  even  of  ignoring  difficulties  which  a  more  fundamental 
consideration  of  the  problem  might  present  as  insuperable,  there  comes 
a  time  when  it  is  necessary  to  enquire  whether  it  has  not  served  its 
purpose.  In  the  case  under  consideration,  Ehrlich's  theory  has  tended 
to  focus  attention  on  the  effect  of  a  remedy  on  the  parasite.  It  led 
undoubtedly  to  the  exploitation  of  new  methods,  which  made  a  much 
needed  departure  from  those  of  pharmacological  orthodoxy.  But 
there  are  growing  indications  that  the  attempt  to  interpret  the  experi- 
mental results  too  exclusively  in  terms  of  direct  parasiticidal  action  may 
eventually  hamper  progress,  by  throwing  back  investigation  into  an 
empiricism  from  which  it  was  Ehrlich's  aim  to  rescue  it.  The  object 
of  this  review  is  to  survey  the  position  as  it  presents  itself  to  the  writer 
at  the  moment,  and  to  consider,  in  particular,  certain  facts  which  are 
difficult  to   reconcile   with .  the  simple   distribution   h3T)othesis.     No 
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attempt  will  be  made  to  mention,  even  by  reference,  the  whole  of  the 
enormous  wealth  of  detailed  evidence.  The  aim  will  rather  be  so 
to  present  the  salient  and  significant  points  as  to  show  what  part  of 
the  evidence  is  in  conformity  with  the  idea  of  direct  and  simple  chemical 
action,  and  what  part  of  it,  on  the  other  hand,  indicates  actions  of 
much  greater  complexity,  involving  factors  for  the  investigation  of 
which  the  methods,  even,  are  not  3'et  available. 

II.  Chemotherapy  of  bacterial  infection.  The  attempts  to  com- 
bat bacterial  infections  In*  means  of  artificial  chemical  substances  have 
l>een  fewer  in  number  and,  on  the  whole,  less  fruitful  of  practical  result 
than  those  directed  to  infections  with  animal  parasites.  Such  as  they 
are,  the  results  are  simpler  and  more  easily  interpreted  in  terms  of 
direct  action  on  the  parasites.  Bechhold  and  Ehrlich  (1906,  1907), 
prepared  a  large  series  of  phenol  derivatives,  introducing  halogens  and 
uniting  phenolic  groupings  by  bridges  of  various  types,  and  in  this 
way  obtained  compounds  which  far  exceeded  all  previously  known 
organic  disinfectants  in  their  lethal  action  on  diphtheria  bacilli  growing 
in  nutritive  bouillon.  The  experiments  were  later  extended  to  other 
bacilli  and  cocci.  In  therapeutic  experiments,  however,  conducted 
on  infected  animals,  none  of  these  substances  proved  successful.  The 
rea.son  of  their  failure  was  more  obvious  when  it  was  found  that  their 
disinfecting  potency  was  enormously  reduced  by  the  presence  of  protein 
in  the  medium,  as  when  the  organisms  were  suspended  for  the  test 
in  blood  serum  instead  of  brotii.  Bechhold  sul)sequently  showed, 
by  ultrafiltration,  that  the  disinfectant  had  entered  into  combination 
with  the  proteins  of  the  suspending  medium,  and  had  thus  been  pre- 
vented from  reaching  the  bacteria.  The  observation  is  chic^Hy  interc^st- 
ing,  from  its  obvious  significance  in  connection  with  the  development 
of  the  theory  of  chemotherapeutic  action.  Further  investigations  by 
Bechhold  (1909),  concerned  solely  witli  (hsinfection  outside  the  body, 
are  of  intc'rest  as  showing  a  i)artial  specificity  of  certain  dcM-ivatives  for 
certain  organiHmK;  thus,  in  the  series  formed  by  introducing  successive 
halogen  atoms  into  (i.  Naphthol,  the  ofjlitna  for  (hsinfccting  action  occur 
at  diflferent  points  for  diffi^rent  bacterial  species.  Tribroin  /3.  Naphthol, 
with  a  very  high  disinfecting  |K)wer  for  pyogenic  cocci  and  the  diphtheria 
bacilluii,  had  little  for  Ji.  pyitcyniwuH  and  none  for  tlu*  tubercle*  bacillus. 

ITiii!  same  specific  liability  of  bacterial  sjM'cies  to  ilw,  disinfecting, 
or  growth-inliibiting,  action  of  chemical  substances  is,  of  course,  the 
bsMis  of  the  numerous  <lifT<'rential  or  enriching  media,  in  which  the 
•election  of  one  Bpccies,  occurring  irj  a  nn'xtiirc  (tf  tn.-mv.  is  ffTected  by 
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adding  some  substance — e.g.,  a  dye,  or  a  tellurium  compound— which 
inhibits  the  growth  of  other  organisms  much  more  effectively  than  that 
of  the  one  which  is  sought.  The  same  selective  action  is  clearly  ap- 
parent in  the  results  published,  in  recent  years,  by  Browning,  Cohen, 
Gaunt  and  Gulbransen  (1922),  and  by  Fairbrother  and  Renshaw 
(1922),  on  the  relative  disinfectant  action  of  various  dyes  and  related 
compounds  on  different  bacteria. 
These  selective  actions  in  vitro,  where  there  is  no  question  of  the 
participation  of  other  living  cells  than  the  microorganisms  under 
investigation,  may  be  regarded  as  presenting  the  fundamental  problem 
of  chemotherapy  in  its  simplest  terms.  Browning,  Cohen  and  Gul- 
bransen (1922)  find,  for  example,  that  "sensitol  red,"  a  dye  used  in 
sensitising  photographic  plates  to  red  rays,  and  having  the  constitution 


V   yx   y=CH — CH=CH — I 

N  N    ^^ 

I  /\ 

CiHj  CjHi    I 

"Sensitol  red" 

has  a  disinfectant  action  on  Staphylococcus  aureus  more  than  2,000 
times  as  powerful  as  that  which  it  exerts  on  B  coli,  when  both  are  in 
peptone  water.  Their  figures  further  indicate  that  the  presence  of 
serum  much  reduces  its  action  on  the  staphylococcus,  but  somewhat 
increases  its  action  on  B.  coli.  On  no  system  of  hypothetical  "tropic" 
properties  of  the  dye  for  the  coccus  and  the  bacillus,  on  the  one  hand, 
and  the  serum  proteins  on  the  other,  can  these  observations  be  intel- 
ligibly expressed.  They  must  be  accepted,  for  the  present,  simply  as 
empirical  facts.  Yet  the  conditions  are  extremely  simple  compared 
with  those  which  obtain  in  an  experiment  conducted  on  the  living 
animal. 

An  attempt  to  study  in  partial  isolation  some  of  the  factors  concerned 
in  the  cure  of  bacterial  infection  by  chemical  agents  has  recently  been 
made  by  Felton  and  Dougherty  (1922  b).  These  authors  measured, 
in  a  series  of  dyes,  and  in  derivatives  of  the  cinchona  group  of  alkaloids, 
the  toxicity  for  mice,  the  bactericidal  action  on  Staphylococcus  aureus  in 
whole  blood,  and  the  inhibitory  effect  on  the  phagocytosis  of  staphylo- 
cocci by  leucocytes  in  serum.  In  a  large  series  of  dyes — in  most  of  the 
triphenyl  methane  dyes  tested,  in  safranines,  phenazines  and  quinones, 
— and  in  that  of  the  cinchona  derivatives,  they  found  that  the  inhibi- 
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tory  action  on  leucocjiies  was  exhibited  in  weaker  dilutions  than  the 
bactericidal  action.  So  far  as  these  measurements  can  be  taken  to 
cover  the  factors  at  work  in  disinfection  zn  vivo,  they  would  be  un- 
favorable to  the  efficacy  of  these  substances  under  such  conditions, 
A  more  favorable  relation  of  bactericidal  to  leucotoxic  properties  was 
found  in  the  case  of  some  triphcnylmethane  dyes — p.  Methoxy 
malachite  green  and  eth}^  violet — and  in  that  of  ''proflavine"  (diamino 
acridine),  which,  with  the  corresponding  methyl  ammonium  derivative 
("trj'praflavine"  or  "acriflavine"),  had  alreadj'  been  found  by  Browning 
and  his  co-workers  (1917, 1918)  to  have  a  powerful  anti-bacterial  action, 
augmented  by  the  presence  of  serum,  with  a  relatively  low  toxicity  for  the 
whole  mammal  or  for  its  leucocj'tes.  Another  member  of  the  same 
group,  2  ethoxy  6,  9  diamino  acridine,  was  found  by  Morgenroth, 
Schnitzer  and  Rosenberg  (1921)  to  give  a  very  favorable  ratio  between 
disinfectant  actions  as  determined,  on  the  one  hand,  in  vitro,  and  on 
the  other  in  the  tissues  of  a  mouse,  by  local  injection.  Its  hydro- 
chloride has  been  introduced  to  commerce  as  "Rivanol,"  and  has  been 
used,  by  local  injection,  to  treat  cellulitis  and  erysipelas  (Rosenstein, 
1921).  In  spite  of  these  favorable  indications  there  is  little,  if  any, 
evidence  yet  available  to  show  that  these  acridine  dyes  can  cure  a 
bacterial  septicemia.  Their  chief  practical  application  has  been  in 
the  local  treatment  of  infected  wounds  or  mucous  surfaces.  The  action 
of  trypaflavine  on  trypanosome  infections  will  be  mentioned  later. 

The  nearest  approach  to  the  successful  treatment  of  a  bacterial 
septicemia  by  a  chemical  agent  is  found  in  the  use,  by  Morgenroth 
(1911,  1912),  of  an  artificial  member  of  the  cinchona  series  of  alkaloids, 
ethylhydrocupreine  ("optochin"),  in  jMiouniococcus  septicemia.  Since 
the  alkaloid  has  very  powerful  and  strongly  specific  inhibitory  and 
lethal  cfTccts  on  pncumococci  in  vitro,  its  action  in  the  infected  living 
animal  seems,  at  first  sight,  a  jx^cuHarly  clear  example  of  tlio  action  of 
a  drug  directly  harmful  to  the  parasite.  Even  in  this  case,  however, 
there  is  suggestive  evidence  in  favor  of  the  view  that  the  immune 
reaction  of  the  host  plays  an  important  part  in  the  cure  of  an  infcn-tion. 
Thus  Neufeld  and  Kngwc^  (1912),  l^igwcr  (1913),  and  esi)ecially 
Moore  have  domoiiHt rated  the  enhancement  of  the  curative  effect  of  a 
specific  aritipociniHK'occal  Hcrum  by  doses  of  optochin  incfTcctivc  by 
thcDiHclves.  Th(!  enhancement  is  much  too  great  to  be  accounted  for 
by  a  mere  summation,  and  suggests  that,  short  of  actually  killing  the 
organisms,  cither  the  chemical  or  iiiiinunological  antagonist  may  so 
alter  thorn  as  greatly  to  w-Jilon  ilwir  n'si.stimcc  to  ilic  otlior. 
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Similarly  incompatible  with  the  conception  of  the  action  of  such 
substances,  on  septicemia  in  animals,  as  a  direct  disinfection,  was  the 
phenomenon  described  by  Felton  and  Dougherty  (1922  a),  working 
with  some  members  of  the  large  series  of  artificial  derivatives  of  cin- 
chona alkaloids  produced  by  Jacobs  and  Heidelberger  (1919  a,  1920, 
1922).  Felton  and  Dougherty  found  an  optimum  dose  for  the  pre- 
vention of  septicemia,  with  simultaneous  injection  of  the  drug  and 
various  multiples  of  the  lethally  infecting  dose  of  pneumococci.  If 
the  dose  of  the  alkaloid  was  increased  beyond  that  optimum,  but  still 
well  below  the  limit  of  the  host's  tolerance,  the  number  of  lethal  in- 
fective doses  which  it  would  antagonize  rapidly  fell  again,  a  number  of 
pneumococci,  which  a  smaller  dose  of  the  alkaloid  completely  sup- 
pressed, now  producing  a  spreading  infection  and  fatal  septicemia. 
The  authors  regard  this  as  showing  that  there  is  a  reversal  of  rela^ 
tionship  from  bacteriotropism  with  the  small  doses  to  organotropism 
with  the  large.  One  could  hardly  find  a  better  example  of  the  desper- 
ate expedients  which  are  necessitated  by  the  effort  to  make  the  facts 
of  therapeutic  action  fit  into  the  rigid  frame  of  the  distribution- 
hypothesis.  When  once  the  cooperation  of  the  host's  defensive  reaction 
is  recognized  as  necessary,  in  accordance  with  the  above-mentioned  evi- 
dence, produced  by  Neufeld  and  Engwer  and  by  Moore  in  the  case  of 
optochin,  the  necessity  for  such  strained  assumptions  vanishes.  With 
the  lower  doses,  the  direct  antibacterial  action  is  reinforced  by  the  host's 
defensive  reaction,  the  total  effect,  on  the  analogy  of  the  action  of 
optochin,  being  much  more  than  a  mere  summation.  With  the  higher 
doses,  even  within  the  tolerance  of  the  healthy  animal,  the  defensive 
reaction  is  impaired  and  suppressed,  and  the  maximum  direct  anti- 
bacterial action  obtainable  with  the  alkaloid  in  mvo  is  inadequate, 
without  this  reinforcement,  to  deal  with  the  infection. 

Mention  should  also  be  made  of  another  direction  in  which  chemo- 
therapeutic  investigation  has  made  contact  with  the  treatment  of 
bacterial  infections.  C'haulmoogra  oil  had  a  traditional  reputation 
in  the  treatment  of  leprosy.  The  treatment  was  made  more  effective 
by  the  introduction  by  Heiser  (1914),  and  improvement  by  Rogers 
(1916)  of  parenteral  injections  of  the  oil,  or  of  soaps  made  from  certain 
fractions  (Rogers).  Recently  a  further  improvement  (Macdonald 
and  Dean,  1921)  has  been  made  by  the  use  of  artificial  ethyl-esters  of 
the  separated  chaulmoogric  and  hydnocarpic  acids — peculiar  fatty 
acids  occurring  in  the  oil,  and  shown  by  Power  to  be  characterized  by 
the  presence  of  a  closed  carbon  ring.     A  scientific,  chemotherapeutic 
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basis  seems  to  have  been  given  to  this  treatment  by  the  work  of  Walker 
and  Sweeney  (1920),  who  find  that  soaps  of  these  acids,  while  they 
are  harmless  to  the  ordinary  bacteria,  have  a  pronounced  antiseptic 
or  inliibitorj^  action  on  cultures  of  all  "acid-fast"  bacteria.  This 
suggests  a  direct,  toxic  action  of  these  fatty  acids  on  such  organisms, 
presumably  associated  with  their  possession  of  a  waxy  envelope.  In 
view  of  somewhat  similar,  albeit  less  convincing,  therapeutic  claims 
made  for  the  soaps  of  other  oils,  e.g.,  cod  liver  oil,  which  Walker  and 
Sweene\'  found  inert  in  their  cultural  experiments,  the  position  cannot 
be  said  to  be  perfectly  clear;  but  their  results  are  at  least  highly  sug- 
gestive. The  difficulty  of  drawing  any  certain  conclusions  from  a  coin- 
cidence between  inhibiting  action  iri  vitro  and  curative  action  in  vivo 
is  illustrated  by  Lewis's  (1917)  work  on  the  tubercle  bacillus,  in  which  a 
very  wide  survey  of  dyes  resulted  in  the  discovery  of  several  which 
selectively  stained  the  bacilli,  and  strongly  inhibited  growth  in  culture, 
but  produced  no  definite  curative  effects. 

Another  point  of  some  theoretical  importance,  which  emerges  from 
the  experiments  on  chemotherapy  of  bacterial  infections,  concerns  the 
production  of  resistant  strains.  Morgenroth  and  Kauffmann  (1912), 
by  passage  through  mice  treated  with  substerilizing  doses  of  optochin, 
produced  strains  of  pneumococci  which,  in  the  mice,  were  abnormally 
resistant  to  the  treatment  by  this  alkaloid.  The  possibility  of  free 
cultivation  facilitated  the  study  of  this  phenomenon  of  the  acquisition 
of  tolerance  by  bacteria  under  the  simplest  conditions.  Marks  (1910), 
by  patient  subculture  into  media  containing  increasing  strengths  of 
arsenious  acid,  produced  an  eight-fold  rise  in  the  resistance  of  a  strain 
of  hog-cholera  bacillus  to  this  sul)stance.  The  treatment  with  arsenic 
raised  the  resistance  of  the  organism  to  antimony,  however,  in  even 
greater  proportion — about  forty-fold.  The  change  in  resistance  was 
accompanied  by  modifications  in  tli(>  njorphology  and  tlie  fermentative 
reactions  of  the  orgaiii.sm.  Tugendreich  and  l{u.s.so  (1913)  similarly 
pnxhiccd  tolerance  of  pneumococci  to  oi)tochin,  and  Shiga  (1913) 
a<'cu«tomed  the  cholera  vibrio  to  dyes  by  serial  cultivation  in  vitro. 
It  i»  not  perfectly  cU^ar  whether  tolerance  so  accjuired  is  due  to  selection 
or  to  direct,  heritable  mo(lifi<'ation  of  survivors,  but,  in  either  case,  the 
poiiMibility  of  its  production  by  the  direct  action  of  tlie  drug,  without 
the  participation  of  a  living  host.  Iim^j  impnrfnticr  in  conticclion  wiOi 
phenrnnenu  to  b(>  dealt  with  later. 

Apart  from  the  light  which  it  may  tlinjw  on  the  iiicaning  of  pliciiom- 
etUk,  u  liiili  .'in*  fncounterfl  in  ciuirwcl  inn  wjj  |i  ( lir  I  icmI  nirul  of  infect  ions 
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by  obligatory  parasites,  the  chemotherapy  of  infection  by  the  true 
bacteria  cannot  be  said  to  have  achieved,  as  yet,  anything  of  really 
practical  importance.  The  use  of  the  acridine  dyes  (Browning)  and  of 
the  higher  homologues  of  optochin  (Morgenroth,  1917),  in  the  local 
treatment  of  infected  wounds  or  mucous  membranes  must  be  classed 
with  measures  of  external  disinfections  rather  than  with  chemotherapy 
in  the  proper  sense.  It  is  to  the  infections  due  to  animal  parasites 
that  we  must  turn  for  the  most  characteristic  and  successful  examples 
of  its  application,  both  in  experiment  and  in  practice.  The  spiro- 
chaets,  though  a  strong  case  has  been  made,  from  the  independent 
biological  point  of  view,'  for  their  affinity  with  the  vegetable  bacteria, 
from  the  point  of  view  of  their  infective  action,  and  the  means  suited 
to  cope  with  it,  which  is  our  present  concern,  must  be  ranked  rather 
with  the  animal  parasites. 

III.  Chemotherapy  of  trypanosome  infections.  A  very  large 
part  of  the  systematic  investigation  of  the  possibility  of  obtaining 
specific  chemical  remedies  has  been  directed  to  the  cure  of  infections 
with  trj'panosomes.  The  organisms  of  this  genus,  responsible  for 
several  well-known  tropical  diseases  of  man  and  lower  animals,  are 
pecuHarly  well  adapted  for  this  type  of  enquiry.  They  are  easily 
transmitted  to  suitable  laboratory  animals,  and,  when  thoroughly 
adapted  by  passage,  they  produce  an  extraordinarily  uniform  type  of 
infection,  with  remarkably  little  variation  in  the  time  of  its  progress 
to  a  fatal  issue,  in  the  absence  of  curative  treatment.  Progress  has 
been  made  along  two  distinct  routes,  and  the  investigation  in  each 
direction  has  recently  reached  what  appears  to  be  an  important  sum- 
mit of  practical  success,  though  there  are  doubtless  higher  peaks  for 
future  attainment.  We  have,  on  the  one  hand,  the  line  of  investiga^ 
tion  of  which  the  starting  point  was  the  trial  of  various  dyestuflfs,  and 
of  which  the  most  recent,  and  apparently  the  most  successful  develop- 
ment, has  been  the  introduction  of  the  substance  which,  though  un- 
colored,  has  important  points  of  structural  similarity  with  certain 
dyes,  and  which  is  known,  as  yet,  only  as  "Bayer  205."  On  the  other 
hand  we  have  the  line  of  investigation  which  started  from  the  observa- 
tion of  a  partial  curative  action  produced  by  arsenious  acid,  has  passed 
through  a  series  of  organic  arsenical  derivatives,  and  at  the  time  ap- 
pears to  have  reached  a  relative  optimum  in  the  introduction  of  the 
substance  known  as  ''tryparsamide."  It  will  be  convenient,  in  the 
first  place,  to  sketch  the  general  course  of  progress  along  the  two  routes 
separately. 
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1.  The  action  of  dyes  and  analogous  compounds.  Ehrlich's  early 
interest  in  the  distribution  of  dyes  in  the  organs  of  the  living  animal, 
and  his  study  of  their  specific  affinities  for  different  cell-structures, 
naturally  led  to  the  attempt  to  discover  substances  of  this  type  which, 
by  their  property  of  becoming  selectively  fixed  by  the  parasitic  proto- 
plasm, would  have  a  parasiticidal  action  in  doses  which  the  host  would 
tolerate.  The  first  germ  of  the  idea  is  seen  in  his  observations  with 
Guttmann,  pubhshed  as  long  ago  as  1891,  in  which  the  staining  of  the 
malarial  parasite  by  methylene  blue  is  made  the  basis  of  an  investiga- 
tion of  the  possibility  of  curing  a  malarial  infection  by  administering 
this  dye.  A  distinct  effect  was  obtained,  but  the  results  were  not 
sufficiently  impressive  to  make  the  dye  a  serious  rival  to  quinine. 
Later  when,  with  Shiga,  Ehrlich  began  a  systematic  investigation  of 
dyes  as  curative  agents,  he  had  at  his  disposal  the  technique  of  trans- 
mitting a  trypanosome  infection  through  a  series  of  mice,  as  developed 
by  Laveran  and  Mesnil  (1902).  After  preliminary  trials  of  several 
members  of  the  benzopurpurin  series  of  dyes,  chosen,  apparently, 
chiefly  on  account  of  their  demonstrably  long  persistence  in  the  body 
of  a  mouse  into  which  they  had  been  injected,  the  substance  known  as 
Trypan-red  was  obtained,  through  the  cooperation  of  the  dye-manu- 
facturing firm  of  Cassella  (Ehrlich  and  Shiga,  1904). 
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Trypan-red 

This  proved  to  have  a  satisfactory  curative  and  ])rophylactic  value 
for  the  infection  of  mice  with  the  trypanosome  of  Mai  de  Caderas 
(T.  cquinum).  It  is  to  be  noted,  however,  that  it  was  relatively  inef- 
fective against  the  same  organism  when  infecting  the  rat,  and  against 
other  trypanosorncH  (e.g.,  T.  brucri)  in  the  mouse.  It  was  further 
ol>Bcrvcd  by  IChrlich  and  Shiga  that  the  dyir  was  practically  innocuous 
to  any  trypunoHomes,  when  applied  to  them  in  vitro  even  in  relatively 
strong  solutions.  This  chernotherapeutic  paradox  is  one  which  we  shall 
meet  repcuU'tWy.  In  the  cose  of  some  thenipciit  ically  active  substances, 
Huch  tm  the  arwniculH,  we  shai!  see  that  there  is  rejusonable  ground  for 
attributtiiK  the  efficacy  in  vivo,  of  a  drug  which  is  rclnt  ivcly  inert  in  vitro, 
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to  a  chemical  alteration  into  a  directly  active  derivative  taking  place  in 
the  host's  body.  There  is  no  ground,  save  that  of  doubtfully  justifiable 
anology,  for  assuming  that  such  a  change  takes  place  in  the  case  of 
try  pan-red,  or,  indeed,  in  that  of  any  member  of  this  series  of  curative 
dyes  and  analogous  compounds. 

A  more  practically  successful  member  of  the  same  group  was  the 
substance  introduced  into  chemotherapeutic  investigation  by  Mesnil 
and  Nicolle  (1906),  and  subsequently  known  as  Trypan-blue.  This 
substance,  a  derivative  of  tetrazotized  tolidine,  has  an  obvious  simi- 
larity in  its  general  structure  to  trypan-red. 
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It  was  found  to  be  an  effective  curative  or  prophylactic  agent  against 
T.  brucei  in  mice,  but  its  practical  application  has  been  found  in  dealing 
with  another  type  of  infection,  viz.,  that  due  to  intracorpuscular  para- 
sites of  the  genus  Piroplasma  in  dogs  and  cattle  (Nuttall  and  Hadwen, 
1909). 

Another  similar  substance,  with  which  promising  results  were  ob- 
tained by  Mesnil  and  Nicolle,  was  prepared  by  condensing  tetrazotized 
diamino-diphenyl  urea  with  naphthylamin-disulphonic  acid. 
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This  dj^e,  "afridol  violet,"  has  not  itself  been  practically  applied;  its 
greatest  interest  to-day  lies  in  the  fact  that  it  presents  a  point  of  struc- 
ture, viz.,  the  presence  of  an  amide  or  urea  linkage,  which  entitles  it 
to  be  regarded  as  the  forerunner  of  a  series  of  compounds  prepared  in 
recent  years  by  the  Bayer  Company,  one  of  which,  known  as  yet  only 
by  its  serial  number,  "205,"  shows  promise  of  much  greater  importance 
than  any  of  the  immense  number  of  dyes  which  have  been  tested  for 
therapeutic  properties.  The  exact  constitution  of  "205"  is  still  kept 
secret,  but  it  is  a  colorless  substance,  with  properties  which  indicate 
a  high  probability,  as  pointed  out  by  H.  King,  that  it  belongs  to  a 
series,  patented  by  the  Bayer  Company,  and  having  a  formula  of  the 
general  type: 
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OH  NH— OC  \~~y  NH— CO  <(        ^  NH— CO— NH  <^        )>  CO— NH  <^        ^  CO-NH  C 
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Type  to  which  "205"  probably  belongs 
If  this  formula  be  compared  with  that  of  "afridol  violet,"  it  will  be 
seen  that  the  most  important  difference  is  the  absence  of  the  diazo- 
linkages  by  which  the  dye-properties  are  conferred.  It  is  an  interest- 
ing commentary  on  the  validitj'^  of  the  theoretical  conceptions  with 
which  this  tj'pe  of  investigation  may  be  said  to  have  originated  that, 
starting  with  a  survey  of  dyes,  chosen  for  trial  on  account  of  their 
visible  fixation  by  the  protoplasm  of  parasites,  among  other  cells,  it 
should  have  arrived  at  the  discovery  of  a  substance,  more  powerfully 
curative  of  typanosome  infections  than  any  dye  yet  tested,  but  itself 
wholly  devoid  of  dyeing  properties,  and  even  of  color.  So  far  as  they 
have  been  investigated  the  therapeutic  properties  of  "205"  appear  to 
be  remarkable.  (Handel  and  Joetten  (1920),  Mayer  and  Zeiss  (1920), 
Muhlens  and  Menk  (1921),  Wenyon  (1921).)  Like  its  colored  fore- 
runners it  has  no  visible  action  on  trypanosomes  in  vitro,  though  this 
absence  of  effect  is  less  significant  in  view  of  the  long  period  of  about 
two  days  before  its  curative  action  begins  to  be  manifest  after  its 
introduction  into  an  infected  animal.  The  ratio  between  the  curative 
and  tolerated  dose  has  been  assigned  rather  widely  different  values 
by  different  observers,  but  it  is  in  any  case  large,  and  therefore  favor- 
able to  the  use  of  the  substance  as  a  practical  remedy.  Its  most 
remarkable  property  is  the  prolonged  persistence  of  its  effect  on  the  re-, 
sistance  to  infection  shown  by  the  animal  into  which  it  has  been  injected. 
A  single  injection  appears  to  be  capable  not  merely  of  curing  definitely 
an  infection  already  existing  in  a  laboratory  animal,  but  of  rendering  the 
animal  insusceptible  to  infection  by  trypanosomes  for  a  period  of  weeks 
or  even  months. 

Various  more  or  less  plausible  hypotheses  can  be  made  to  account 
for  those  anomalies  in  the  action  of  "205,"  but  there  is  no  method  yet 
obvious  by  which  any  one  of  tliem  can  be  jnit  to  the  test  of  exixM'iment. 
The  substance  may  be  fixed  with  great  tenacity  by  some  of  the  tissues. 
Tlic  behavior  of  related  compounds,  such  as  trypan  red  and  trypan 
blue,  which  are  recognizable  by  their  color,  is  in  favor  of  such  a  sui)i)()si- 
tion.  The  gradual  and  long  persistent  staining  of  the  tissues  of  the  host 
by  these  dyes  is  a  familiar  incident  of  their  therapeutic  application. 
(Frankc  (1906),  Bouflfard  (U)0(S).)    llie  supposition  of  the  iiier(>  con- 
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tinued  presence  of  the  substance  in  the  body,  however,  is  not  by  itself 
sufficient  to  account  for  the  curative  effect  or  for  the  artificial  insus- 
ceptibility to  infection,  since  evidence  of  direct  lethal  action  on  the 
parasites  is  wanting  in  this  case,  as  in  that  of  the  dyes.  Recourse  must, 
therefore,  be  had  to  one  or  more  hypotheses;  but  these,  since  they  have 
as  yet  received  very  little  support  from  independent  evidence,  cannot 
be  regarded  as  much  more  than  convenient  resting-places  for  the 
mind.  We  may  suppose,  for  example,  that  the  drug  only  produces  its 
effect  by  long-continued  action,  and  that  the  relatively  brief  period 
during  which  its  action  can  be  observed  under  the  microscope  does  not 
suffice  for  it  to  become  visible.  If  that  were  the  case  an  important 
factor  in  the  curative  efficacy  would  be  the  property  of  becoming 
fixed  to  the  host's  tissues,  and  liberated  therefrom  into  the  body  fluids 
in  small  concentration,  but  over  an  extended  period.  Or  it  may  be 
suggested,  as  has  been  done,  that  the  essential  curative  action  depends 
not  on  the  direct  killing  of  the  parasites,  as  observed  by  their  loss  of 
motility  and  rapid  degeneration  under  the  microscope,  but  on  destruc- 
tion of  their  power  of  multiplication.  This  is  in  conformity  with  the 
observation  that  trypanosomes  treated  with  a  dye  outside  the  bod}^ 
may  lose  their  infectivity  without  visible  changes  in  their  motility  or 
their  structure.  It  is  stated  also  (Busck),  that  trypan  red  will  stop 
the  multiplication  of  free-swimming  ciliates  without  impairment  of 
their  other  functions.  We  shall  meet  this  suggestion  in  other  con- 
nections, but  the  positive  evidence  in  its  favor  is  hardly  sufficient  to 
warrant  its  adoption  as  a  general  chemotherapeutic  principle,  or  its 
facile  invocation  to  explain  any  discrepancy  between  actions  outside 
and  inside  the  body.  If  it  is  really  the  secret  of  the  paradox  which 
immediately  concerns  us,  it  is  obvious  that  fixation  by  the  host's  tissues, 
and  the  resulting  mild,  persistent  action  on  the  parasites  of  the  gradually 
liberated  drug,  must  be  a  factor  in  the  effect.  Another  possibility  is 
that  the  curative  substance  is  not  directly  hurtful  to  the  parasites, 
but  that  some  parasiticidal  derivative  is  formed  from  it  by  interaction 
with  the  host's  tissues.  We  shall  find  that  there  is  evidence  in  favor 
of  such  a  view  in  the  case  of  certain  arsenical  compounds,  from  which 
derivatives  having  a  powerful,  directly  lethal  action  in  vitro  can  be 
produced.  No  such  evidence  is  available  in  the  case  of  the  substances 
which  we  are  now  considering,  or  indeed  in  that  of  any  of  the  curative 
dyes  or  non-metallic  compounds;  the  suggestion  is  possible,  but  no 
more.  The  same  is  true  of  another  suggestion,  namely,  that  the  direct 
action  on  the  parasites  may  not  be  due  either  to  the  substance  as 


372  H.    H.    DALE 

administered,  or  to  am*  derivative  thereform,  but  to  something  pro- 
duced by  the  tissues  of  the  hosts  in  response  to  an  action  on  their  cells. 
Again,  there  is  no  evidence  in  favor  of  such  a  view:  it  is  simplj'  a 
convenient  assumption  to  explain  a  difficulty. 

It  will  be  clear  that  all  these  possibilities,  and  indeed  any  which  can 
be  invoked  to  explain  the  curative  effect  in  the  host,  of  substances  not 
obviously  hurtful  to  the  parasites  outside  the  body,  almost  of  necessity 
involve  a  participation  of  the  host's  organs  in  the  curative  action. 
Dj'es  were  made  the  starting  point  of  this  line  of  investigation,  because 
of  the  ease  with  which  their  distribution  between  tissues  and  parasites 
could  be  followed  by  the  eye.  Yet  in  this  group  the  evidence  so  ob- 
tained is  in  favor  of  a  strong  affinity  for  the  host's  tissues  rather  than  for 
the  protoplasm  of  the  parasites;  these  dyes  can  be  seen  to  be  strongly 
"organotropic,"  while  the  evidence  for  their  directly  "parasitotropic" 
properties  is,  at  best,  not  strong. 

If  we  take  the  known  facts  concerning  the  action  of  such  a  substance 
as  "205,"  without  reference  to  any  particular  theoretical  conception, 
we  can  say  that  this  substance,  having  no  demonstrable  direct  effect 
on  the  parasites,  causes  their  complete  disappearance  from  the  body 
of  an  animal  infected  with  them;  that  for  a  long  period  after  a  single 
injection  of  "205"  the  animal  is  resistant  to  further  infection  by  tryp- 
anosomes,  and  that  during  that  perjod  its  body  fluids  contain  some- 
thing which  possesses  the  property  of  curing  infection;  but  that  there 
is  no  clear  evidence  as  to  whether  that  something  is  a  ronmant  of 
"205"  itself,  or  some  derivative  thereof,  or  some  antagonist  produced 
by  the  host  itself  in  response  to  the  stimulation  of  its  tissues  by  "205." 
The  analogy  of  the  dyes,  with  their  demonstrable  long  persistence  in 
the  host's  tissues,  suggests,  but  by  no  means  proves,  that  "205"  is 
itself  the  substance  at  work. 

The  successful  experiments  on  the  cure  of  infected  animals  by  "205" 
have  been  followed  by  a  series  of  apparently  complete  cures  of  well- 
advanced  infection  in  man  with  T.  gambicnsc  and  rhodcaivmc.  A 
single  injection  has  not  proved  adequate  for  the  treatment  of  the 
human  patient,  but  a  course  of  eight  or  more  injections  has  succeeded 
in  prcxhicing  what  apiK»ar  to  be  iM'rmanent  cures,  in  a  number  of 
cascw  which,  a  short  while  ago,  would  have  been  regarded  as  quite 
bryond  the  reach  of  any  treatment.  The  toxic  effect  of  the  drug  its(^lf 
on  such  patients  has  lK»en  a  temi)orary  and  apparently  not  serious 
nephritis.  (Miihlens  and  Menk  (1921),  Yorke  (1921),  Low  and 
Maniion-Hahr  (102:)).) 

Another  group  of  dyes  of  which  the  curative  action  in  trypanosonu; 
infections  has  Inn-n  investigated  is  that  of  the  triphcnyl  methane  dyes. 
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The  results  with  these  have  been,  on  the  whole,  of  theoretical  rather 
than  practical  importance.  Wendelstadt  and  Fellmer  (.1906)  experi- 
mented with  Malachite  Green,  and  obtained  evidence  of  curative 
action,  but  associated  with  so  much  local  injury  of  the  host's  tissues 
as  to  make  its  practical  application  impossible,  Ehrlich  and  his 
co-workers  tried  a  number  of  dyes  of  this  group  and  obtained  promising 
results  with  Parafuchsine,  though  the  local  action  on  the  tissues  was 
still  undesirably  powerful  with  this  substance.  A  chlorinated  deriva- 
tive of  Parafuchsine,  called  "Tryparosan"  (Roehl,  1909),  was  found  to 
be  more  powerfully  curative  and  at  the  same  time  much  less  toxic. 

Another  series  of  dyes  examined  by  Ehrlich  (1909  a)  and  his  co- 
workers was  that  containing  pyronine,  acridine  derivatives,  and  re- 
lated oxazines  and  selenazines.  Of  these  the  substance  first  known  as 
"Trypaflavin"  (diamino-methyl-acridinium  chloride)  gave  curative  re- 
sults in  mice  infected  with  trypanosomes  which,  in  view  of  its  low 
toxicity,  seemed  highly  promising  of  practical  value.  Its  main  prac- 
tical use,  however,  has  proved  to  be  as  a  bacterial  antiseptic,  and  the 
importance  of  this  group  of  dyes,  as  a  whole,  is  due  more  to  the  highly 
interesting  results  which  they  have  given  in  connection  with  the  pro- 
duction of  tolerant  strains,  considered  in  a  later  section,  than  to  their 
practical  therapeutic  value. 

2.  The  action  of  corn-pounds  containing  arsenic.  Lingard  (1899)  had 
treated  Surra  in  horses  successfully  with  arsenious  acid,  but  Laveran 
and  Mesnil  (1902),  confirming  Bruce's  (1897)  earlier  observations  in 
Africa,  found  that  it  produced  only  a  temporary  disappearance  from 
the  peripheral  blood  of  the  trypanosomes  of  Nagana  {T.  hrucei).  The 
application,  by  Thomas  and  Breinl  (1905),  of  the  organic  arsenical 
derivative,  which  had  for  some  time  been  used  in  treating  skin  diseases 
under  the  name  "atoxyl,"  registered  a  definite  advance.  Its  efficacy 
was  soon  confirmed  by  a  number  of  workers,  but  the  next  step  of 
importance  was  the  elucidation  by  Ehrlich  and  Bertheim  (1907)  of 
the  true  structure  of  "Atoxyl"  which,  since  it  proved  to  be  a  para- 
amino  phenyl  arsenic  acid,  with  a  reactive  free  amino-group,  formed  a 
favorable  starting  point  for  a  series  of  derivatives. 
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The  first  of  these  derivatives  showing  a  more  favorable  experimental 
ratio  between  the  tolerated  dose  and  the  dose  curative  of  trypanosome 
infection,  was  produced  by  acetylating  the  amino-group,  and  named 
"Arsacetin."  Neither  Atoxyl  nor  Arsacetin  has  fully  justified  the 
early  hopes  of  its  value  as  a  remedy  in  human  trypanosomiasis,  both 
having  been  found,  in  practice,  to  produce  permanent  blindness  in  a 
serious  proportion  of  the  patients  treated.  The  study  of  their  action, 
however,  had  results  of  great  theoretical  importance.  Like  the  benzi- 
din  dyes,  above-mentioned,  these  arsenical  derivatives  had  no  action 
on  trj^panosomes  in  vitro  which  could  explain  their  curative  action. 
Uhlenhuth,  Hubener  and  Woithe  (1908)  reject  the  view  that  its  action 
in  the  body  is  due  to  liberation  of  the  arsenic  in  inorganic  form — which 
would,  indeed,  be  difficult  to  reconcile  with  the  comparative  incfficacy 
of  the  inorganic  compounds  when  directly  injected — and  attribute 
the  curative  effect  to  the  action  of  Atoxyl  on  the  body  cells,  causing 
an  increased  formation  of  protective  substances.  The  experiments  of 
Levaditi,  Brimont  and  Yamanouchi  (1908,  1909)  gave  greater  precision 
to  such  a  conception,  and  suggested  a  participation  of  Atoxyl  itself 
or  some  derivative  of  it,  in  the  composition  of  the  protective  substance. 
They  found  that  when  a  solution  of  atoxyl  is  mixed  with  an  emulsion 
of  liver,  a  product  is  obtained  which  is  directly  toxic  to  trypanosomes. 
The  possibility  of  precipitating  this  toxic  substance  with  alcohol  and 
its  instability  to  heat  led  Levaditi  (1909)  to  conclude  that  it  was  an 
arsenic-protein  complex,  to  which  he  gave  the  name  "trypanotoxyl." 
He  regarded  the  mechanism  as  a  reduction  of  Atoxyl  by  the  liver 
substance,  and  a  combination  of  reduction-product  with  protein,  the 
latter  acting  as  the  link  for  anchorage  to  the  trj'panosome.  Ehrlich 
and  Roehl  (1909  b,  c),  however,  had  already  shown  that  reduction  of 
Atoxyl,  by  any  ordinary  reducing  agent,  produced,  in  para-amino 
phenyl  arsenious  oxide,  a  substance  having  a  very  intense  direct  toxicity 
for  trypanosomes.  According  to  Koehl's  exiH'riinents,  the  function 
of  the  liver  emulsion  in  lievaditi's  was  simi)ly  to  reduce  Atoxyl  to 
arsenious  acid,  the  subsequent  combination  of  this  with  ])rotein  men^ly 
weakening  its  action.  On  the  whoh;  tin;  weight  of  evidence  seems  in 
favor  of  this  simpler  view,  that  the  activity  of  Atoxyl  in  the  body  is 
due  to  its  reduction  to  the  arsenious  form,  with  a  trivalent  arsenic, 
by  the  action  of  the  tissues,  'llje  rccUu'cd  product  is  not  only  toxic 
for  trypanosomes,  hut  much  more  toxic  than  Atoxyl  for  the  host;  and 
it  was  in  harmony  with  Khrlich's  view,  that  mice  winch  were  easily 
poisoned  by  Atoxyl  were  likewise  more  easily  freed  by  il  from  t  rypano- 
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some  infections  than  those  which  were  more  resistant  to  its  action. 
Reference  must  be  made  later  to  some  difficulties  arising  in  connection 
with  the  tolerant  strains.  Meanwhile,  we  may  note  that  Ehrlich's 
view  of  the  action  of  Atoxyl  departs  from  his  original  cheraotherapeutic 
conception,  in  that  the  efficacy  of  Atoxyl  is  attributed  to  an  immediately 
organotropic  property.  It  is  the  reduced  arsenious  compound,  formed 
in  virtue  of  the  original  organotropism,  which  is  now  held  to  be  parasito- 
tropic. 

The  point  of  greatest  importance,  however,  was  the  establishment 
of  the  superior  curative  activity  of  the  compound  with  trivalent  as 
compared  with  that  containing  pentavalent  arsenic.  This  led  to  the 
production  of  a  series  of  compounds  containing  trivalent  arsenic,  of 
which  the  important  ones  were  arsenophenylglycine  and  dihydroxy- 
diamino-arsenobenzene,  which,  in  the  form  of  its  hydrochloride,  has 
achieved  world-wide  celebrity  under  the  serial  number  "606,"  and 
the  names  "Salvarsan,"  Ai-senobenzene,  Arsphenamine,  etc. 
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Both  these  substances  are  reduced  beyond  the  arsenious-oxide  to  the 
arseno-condition,  with  a  double  molecule,  formed  by  the  linkage  of  the 
free  valencies  of  the  two  arsenic  atoms.  Arsenophenylglycine  gave 
highly  promising  results  as  a  curative  agent  in  experimental  trypano- 
somiasis, but  it  failed  to  fulfil  this  promise  when  applied  to  the  treat- 
ment of  sleeping-sickness  in  man.  In  the  case  of  salvarsan,  which  was 
produced  by  Ehrlich  and  Berthcim  (1912),  in  the  course  of  Ehrlich 
and  Hata's  (1910)  search  for  a  remedy  for  spirochetal  infections,  the 
powerful  curative  action  in  trypanosome  infections  has  been  somewhat 
overshadowed  by  the  rapid  and  successful  development  of  its  use  in 
the  spirochaetal  infections.  Here  we  may  note  that,  just  as  in  the  case 
of  the  fully  oxidized  derivatives  of  arsenic  acid,  we  find  again,  in  these 
fully  reduced  arseno-compounds  the  paradox  of  intense  curative  action 
on  trypanosome  (or  spirochaet)  infections  in  vivo,  with  no  direct  action 
in  vitro  to  explain  it.  And  again,  in  the  case  of  salvarsan,  we  find,  in 
the  corresponding  partially  oxidized  derivative,  p-hydroxy  m-amino 
phenyl  arsenious  oxide,  a  substance  with  an  intense  lethal  action  on 
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trypanosomes  (or  spirochaets)  outside  the  body.  There  have  again,  as 
in  the  ease  of  atoxyl,  been  suggestions  of  tlie  formation  in  the  body  of 
some  trj-panocidal  or  spirocheticidal  complex  between  the  proteins  of 
the  blood  or  the  tissue  cells  and  salvarsan  or  some  derivative  thereof; 
but  again  the  facts  appear  to  be  satisfied  by  the  simpler  theory  that 
the  parasiticidal  substance  is  the  partially  oxidized  arsenious-oxide 
derivative.  This  is  very  clearly  indicated  in  recent  papers  by  Voegtlin 
and  Smith  (1920)  who,  using  a  method  first  adopted  by  Morgenroth 
and  Rosenthal  (1911)  for  measuring  the  rate  of  disappearance  of  trv- 
panosomes  from  the  blood  after  curative  injections,  found  that  the 
effect  began  immediately  in  the  case  of  the  arsenoxid,  after  a  definite 
latent  period  in  the  case  of  the  arseno-compound,  and  after  a  longer 
latent  period  in  the  case  of  arsenic  acid  derivatives.  These  latent 
periods  correspond  with  the  greater  liability  of  the  arseno-compound 
to  oxidation  than  of  the  arsenic-acid  form  to  reduction,  and  the  con- 
clusion is  drawn  that,  in  either  case,  a  preliminary  to  the  curative  effect 
is  oxidation  or  reduction  to  the  arsenoxide. 

This  view  gives  a  satisfactory  explanation  of  the  therapeutic  efficacy 
in  the  body  of  the  arsenical  compounds  which  are  practically  inactive 
on  the  parasites  outside  it.  It  leaves  still  to  be  explained,  however,  the 
choice  for  therapeutic  purposes  of  substances  which,  only  after  in- 
jection, give  rise  to  the  directly  parasiticidal  derivatives,  rather  than 
these  latter  themselves.  It  is  true  that  the  arsenoxides  have  a  much 
greater  toxicity,  not  only  for  the  parasite,  but  also  for  the  host.  But 
this  alone  will  not  explain  their  unsuitability  for  thera])outic  use;  for, 
tested  on  mice  infected  with  trypanosomes,  they  show  a  high  ratio 
between  the  tolerated  dose  and  that  needed  to  free  the  blood  from 
trypanosomes,  though  the  absolute  dosage  is  in  both  cases  on  a  lower 
level.  The  explanation  must,  I  think,  be  sought  by  considering  a 
factor,  in  the  efficient  treatment  of  infections  with  trypanosomes  or 
spirochaets,  which  has  hitherto  hardly  received  aci(uiuat('  attcMition, 
namely,  the  factor  of  persistence  of  action.  If  the  rciuiy-formed 
arsenoxide  is  injected,  then?  will  momentarily  be  present  in  the  l)lood 
a  concentration  of  the  dir(!ct  parasiticide  higher  than  is  ever  produced 
by  its  slow  formation  from  either  the  more  reduced  or  more  oxidized 
compound;  but  the  arsenoxide  is  so  toxic  for  the  host  that  the  concen- 
tration cannot  in  any  case  be  raised  to  a  high  level  with  safety,  and  tlie 
dose  given  at  one  injection  must  be  small.  To  obtain  the  o])tinmm 
effect,  by  administration  of  the  arHenoxidc;  itself,  it  would  i)r()bal)ly 
be  neoeesary  to  maintain  for  Iiours  or  days  a  continuous  infusion  of 
the  substance  in  very  high  dilution.  Tliis  slow,  persistent  supply 
of  the  arsenoxide  can  be  maintained  for  relatively  long  i)erio(ls  by 
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injecting  the  arsenic-acid  or  the  arseno-derivative.  In  the  case  of 
salvarsan  the  persistence  is  aided  by  the  insolubility  of  the  free  base, 
which  must,  at  the  reaction  of  the  blood  and  tissues,  be  liberated  and 
largely  deposited. 

This  factor,  of  the  liberation  of  the  directly  parasiticidal  product 
of  partial  oxidation  or  reduction,  is  probably  of  importance  in  the 
action  of  all  members  of  this  group.  And,  in  default  of  any  clear 
knowledge  of  the  factors  which  determine  the  rate  of  excretion  of  the 
parent  substance,  or  of  the  rate  of  its  change  into  the  arsenoxide  form, 
either  of  which  may  be  affected  by  small  changes  in  the  nature  and 
position  of  the  groups  attached  to  the  benzene  nucleus,  there  is  clearly 
no  warrant  for  the  assumption  that  a  change  in  structure,  which  in- 
creases the  therapeutic  effect,  does  this  by  increasing  the  preferential 
affinity  for  the  protoplasm  of  the  parasite,  or  by  introducing  an  affinity 
for  a  new  type  of  "chemoreceptor."  The  curative  process  is  too 
complicated  to  be  expressed  in  such  simple  terms,  and  involves  the 
cooperation  of  the  host's  tissues,  that  is  to  say,  some  degree  of  "organo- 
tropic" property.  It  is  highly  probable  that,  in  the  treatment  of 
different  types  of  infection,  the  optimum  rate  and  most  favorable 
site  for  the  production  of  the  directly  active  substance,  will  in  one  case 
be  provided  by  use  of  an  arsenic  acid  derivative,  in  another  by  that 
of  an  arseno-derivative.  Both  have  their  special  drawbacks.  The 
arseno-derivatives  are  unstable,  sensitive  to  exposure  to  air,  and  very  dif- 
ficult to  obtain  pure.  Slight  differences  in  the  constitution,  especially 
of  the  derivatives  with  sulphur-containing  radicles  attached  to  the 
amino-groups,  may  cause  wide  variations  in  toxicity  and  in  thera- 
peutic potency.  Nevertheless,  the  arseno-derivatives  are  the  most 
effective  of  the  arsenical  compounds  yet  obtained  in  the  treatment 
of  spirochaetal  infections.  On  the  other  hand,  the  most  successful 
arsenical  compound  yet  tried  in  the  treatment  of  humani sleeping- 
sickness  (due  to  T.  gambiense)  appears  to  be  an  arsenic-acid  derivative, 
the  substance  known  as  "tryparsamide,"  an  amide  of  the  arsonic-acid 
compound  corresponding  to  arsenophenyl  glycine. 
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This  substance,  prepared  by  Jacobs  and  Heidelberger  (1919  b,  c), 
and  selected  by  Brown  and  Pearce  (1919)  from  a  large  series  as  the 
most  favorable  in  its  curative  action,  has  now  been  used  with  highly 
promising  results  in  the  treatment  of  human  sleeping-sickness.  (Pearce 
(1921),  Chesterman  (1923).)  It  shares  with  "Bayer  205"  the  responsi- 
bility for  the  much  more  hopeful  position  which  has  recently  developed 
\nth  regard  to  the  treatment  of  that  disease.  Like  its  parent,  atoxyl, 
"trj'parsamide"  is  not  free  from  the  liability  to  produce  blindness. 

5.  Antinwny,  hismuth  and  other  nietals.  Cushny  appears  to  have 
made  the  first  suggestion  of  a  trial  of  compounds  of  antimony  and 
bismuth,  on  account  of  their  close  chemical  relationship  to  arsenic. 
Certain  antimony  compounds  have  been  found  effective  in  infections 
by  trypanosomes,  but  not  with  equal  certainty  those  of  bismuth, 
while  the  reverse,  as  we  shall  see,  is  true  of  spirochetal  infections.  In 
neither  case  have  the  compounds  used  been  aromatic  complexes,  with 
the  metal  attached  to  a  benzine  ring,  as  in  the  case  of  the  arsenicals. 
The  antimonyl — and  bismuthyl — tartrates  have  presumably  been 
chosen  chiefly  on  account  of  their  convenient  solubilitj'.  Tartar 
emetic  and  its  sodium  analogue  were  used  with  success  by  Plinnner, 
with  Thompson  and  Bateman  (1908),  and  simultaneously  by  Mesnil 
and  Brimont  (1908  a).  There  are  many  later  records  of  their  experi- 
mental and  clinical  use.  The  action  on  the  trypanosomes  is  apparently 
a  simple  and  direct  one,  the  parasites  being  killed  outside  the  body 
by  high  dilutions  of  tartar  emetic  .(Mesnil  and  Brimont).  Metallic 
antimony  suspended  in  oil  and  injected  intramuscularly  is  apparently 
as  effective  a.s  the  antimonyl  tartrate  (Plinuiier  and  Bateman),  and 
antimony  trioxide  is  stated  to  be  even  more  efficacious.  (Kolle, 
Hartoch,  Uothennundt  and  Schiirmann,  1913.)  There  appears  to  be 
no  need  for  a  more  complicated  assumjition  than  that  of  a  directly 
lethal  aclion  on  the  parasites,  which  must  be  much  more  sensitive  to 
the  antimony  compound  than  are  the  tissues  of  the  host.  The  con- 
trast between  this  simple  tyj)e  of  action  and  that  of  substances  like 
"Bayer  205"  and  "tryparsamide"  is  the  more  interesting  in  view  of 
the  fact  that,  up  to  the  time  of  the  introduction  of  these  latter,  tartar 
emetic  and  th(?  simple  com)M>unds  of  trivalent  antimony,  such  as  the 
trioxide,  were  among  the  more  effccl  ivo  of  tlu?  therapiuitic  agents  tried  in 
human  trypanosomiasis.  It  emphiLsizes  the  possibility  that  the  si)ecial 
efficacy  of  a  complex  urscniral  remedy,  at  any  rate,  is  due  rather  to  the 
favorable  rale  and  locality  of  the  production  from  it  of  some  simpler, 
directly  trypanocidal  subHlunoe,  than  to  any  specific  affinity  for  the 
protoplasm  of  the  trypunoH()m(>  (lu(>  to  its  mole(;ular  configuration. 
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The  bismuth  analogue  has  been  tried  in  experimental  trypanoso- 
miasis with  only  partial  (Frouin  and  Guillaumie,  1921)  or  no  success 
(Adler,  1921).  We  shall  see,  on  the  other  hand,  that  it  is  highly  effica- 
cious as  a  remedy  for  spirochaetal  infections.  Frouin  and  Guillaumie 
obtained  somewhat  weaker  actions  on  trypanosome  infections  of  mice, 
with  cerium,  yttrium  and  rhodium  salts,  but  none  with  those  of 
niobium. 

Compounds  of  other  metals  have  chiefly  been  used  for  combined 
treatment,  together  with  those  containing  arsenic  or  antimony.  Moore, 
Nierenstein  and  Todd  (1907)  advocated  a  combined  use  of  atoxyl 
and  mercury  salts,  but  Plimmer  and  Thomson  (1908)  found  that,  in 
dosage  sufficient  to  free  the  blood  from  trypanosomes,  such  treatment 
produced  fatal  lesions.  Loose  chemical  combinations  of  salvarsan 
with  other  metals,  such  as  gold  or  copper,  have  been  found  effective 
in  treating  experimental  infections  with  trypanosomes,  but  the  only 
compound  of  this  kind,  the  "silver  salvarsan"  to  attain  practical  im- 
portance has  found  its  use  in  the  treatment  of  spirochetal  infections. 

I^..  Resistant  strains.  One  of  the  most  interesting  and  theoretical 
important  chapters  in  the  chemotherapy  of  trypanosomiasis  is  that 
dealing  with  the  development  of  resistant  strains.  When  an  inadequate 
dose  of  a  curative  agent  has  been  given,  so  that  a  relapse  of  the  infection 
occurs,  further  treatment  is  often  found  to  be  less  effective,  and  the 
strain,  transferred  to  another  animal  of  the  same  species,  retains  its 
resistance  and  continues  to  do  so  through  an  indefinite  number  of 
passages.  By  carefully  graded  treatment  it  is  possible  to  raise  the 
resistance  to  a  high  level,  at  which  it  is  maintained  during  further 
passages  without  treatment.  (See  Ehrlich  (1907,  and  Browning  (1907, 
1908).)  The  phenomenon  was  first  observed  in  the  case  of  atoxyl, 
but  was  soon  found  to  apply  to  other  curative  agents,  such  as  the  dyes. 
A  strain  resistant  to  trypan  red  was  normally  sensitive  to  atoxyl,  and 
vice  versa,  but  several  such  specific  resistances  could  be  developed  in 
the  same  strain  by  the  appropriate  treatments. 

The  phenomenon  at  first  seemed  to  give  strong  support  to  the  con- 
ception of  specific  affinities  for  special  groups  in  the  protoplasm  of  the 
trypanosome.  If  the  chemoreceptors  for  atoxyl  disappeared,  or  were 
greatly  reduced,  the  strain  became  proportionately  resistant  to  the 
effect  of  this  substance.  When  a  strain  resistant  to  atoxyl  was  found 
to  be  still  sensitive  to  arsenophenylglycine,  this  indicated  that  the 
latter  was  attached  to  a  separate  "acetico-ceptor,"  which  the  treat- 
.  ment  with  atoxyl  had  not  removed.     The  problem,  however,  has  proved 
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to  be  by  no  means  simple.  In  the  case  of  an  agent  acting  simply  and 
directly,  like  tartar  emetic,  it  can  indeed  be  shown  that  the  trypano- 
somes  of  a  strain  resistant  to  tartar  emetic  will  tolerate  in  vitro  a  higher 
concentration  of  the  drug  than  the  original,  sensitive  strain  (Mesnil 
and  Brimont,  1908  b) .  On  the  other  hand  the  resistance  to  tartar  emetic 
was  best  produced  by  treatment  of  the  infected  animal  with  arsenious 
acid,  while  resistance  to  the  latter  itself  was  only  obtained  by  very 
prolonged  and  careful  treatment  (Gonder,  1912).  In  some  cases 
treatment  with  arsacetin  or  arsenophenylglycine  has  produced  strains 
resistant  not  only  to  these  substances  but  to  tartar  emetic.  A  still 
greater  complication  is  introduced  by  the  behavior  of  a  resistant  strain 
when  transferred  to  a  host  of  another  species.  Mesnil  and  Brimont 
(1908  b)  produced  a  strain  resistant  to  atoxyl  in  the  mouse,  and  found 
that,  when  it  was  transferred  to  the  rat,  the  sensitiveness  disappeared 
and  the  strain  remained  normally  sensitive  during  40  passages  through 
this  host-species,  to  regain  its  resistance  immediately  when  retrans- 
ferred,  without  further  treatment,  to  the  mouse.  In  the  dog,  on  the 
other  hand,  the  resistance  acquired  in  the  mouse  was  retained.  There 
could  be  no  clearer  evidence  of  the  cooperation  of  the  host's  tissues  in 
the  curative  action  of  atoxyl;  on  the  other  hand,  it  becomes  very  difficult 
even  to  speculate  on  the  mode  of  their  intervention.  If  their  action  were 
merely  to  reduce  the  atoxyl  to  the  arsenious  condition,  we  should 
have  to  suppose  that  the  resistance  of  the  parasite  was  to  the  arsenoxide; 
but  this  gives  no  explanation  of  the  fact  that  the  resistance  is  a  prop- 
erty of  the  strain  of  trypanosomcs  and  not  of  the  hosts.  Moreover 
there  is  a  perplexing  observation  recorded  by  Ehrlich  (1909  a)  in  which 
a  strain  rendered  resistant,  in  mice,  to  partially  oxidized  arsenophenyl- 
glycine was  found  to  be  vwre  sensitive  to  this  compound  in  vitro  than 
the  normal  strain.  He  interprets  this  in  accordance  with  his  view  that 
the  lethal  effect  visible  in  vitro  is  not  the  same  as  that  wiiich  is  effective 
in  the  body,  attributing  the  latter  to  stoppage  of  multii)lication.  But 
such  an  explanation  fails  entirely  to  touch  the  ])rohl('m  i)rosento(l  by  a 
resistance  exhibited  in  one  host  species  and  not  in  another.  Levaditi 
(1909),  on  Ihh  theory  of  a  complex  arsenic-protoin  poison,  would  regard 
the  resistance  in  the  mouse  as  spcu-ific  for  mouse  "trypauotoxyl," 
leaving;  the  strain  normal  in  its  reaction  to  rat  "trypanotoxyl;"  but 
an^n  it  is  difficult  to  suppose  that  a  specific  difference,  so  sharp  as  to 
discriminate  between  mouse  and  rat  proteins,  should  not  exist  between 
mouse  and  dog  proteins.  It  is  evident  that  no  satisfactory  solution  of 
these  difficulties  is  yet  available,  and  we  must  be  content  to  note  the. 
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indication  which  they  give  of  the  complicated  nature  of  the  chemothera- 
peutic  process,  and  of  the  essential  cooperation  therein  of  the  host's 
tissues. 

One  other  highly  interesting  series  of  phenomena  must  receive 
passing  mention.  The  resistance  to  drugs  appeared  at  first  to  be 
highly  specific.  Later  work  of  Ehrlich's  pupils  (Kudicke  (1911), 
Gonder  (1912))  showed  an  extraordinary  reciprocal  relation  in  the 
development  of  resistance  between  certain  dyes,  on  the  one  hand — 
pyronines,  acridine  derivatives,  oxazines,  selenazines,  all  possessing, 
as  pointed  out  by  Ehrlich,  an  orthochinoid  structure — and  the  arseni- 
cals,  such  as  atoxyl,  on  the  other.  Resistance  to  either  of  these  groups 
seemed  to  confer  resistance  to  the  other;  and,  indeed,  the  most  rapid 
and  effective  method  of  producing  an  atoxyl-resistant  strain  was  found 
to  be  the  injection  into  an  infected  animal  of  a  non-sterilizing  dose  of 
a  dye,  such  as  trypaflavin.  To  state  that  the  chemoreceptor  for  arsenic 
and  for  orthochinoid  dyes  must  be  identical,  is  to  offer  no  explanation 
for  a  wholly  mysterious  phenomenon;  it  is  merely  to  state  the  fact  of 
the  reciprocal  action  in  producing  resistance,  in  other  words.  Nor  is 
it  rendered,  as  yet,  more  comprehensible  by  the  extraordinarily  inter- 
esting observation  of  Werbitzki  (1910),  confirmed  and  extended  by 
Gonder  (1912),  that  trypanosomes  of  a  strain  rendered  resistant  to 
one  of  these  dyes,  though  otherwise  apparently  normal,  have  lost  the 
kinetonucleus  or  blepharoplast,  which,  according  to  Laveran  and 
Roudsky  (1911),  can  be  seen  to  become  selectively  stained,  and  then 
to  disintegrate  under  the  action  of  the  dye.  Resistance  to  arsenicals, 
produced  directly  by  ineffective  treatment  with  these,  has  no  effect  on 
the  morphology  of  the  trypanosomes. 

IV.  Spirochaetal  infections.  Interest  in  the  chemotherapy  of 
these  has,  until  recently,  centered  almost  wholly  round  salvarsan  and 
its  soluble  derivatives  (neosalvarsan,  sulfarsenol,  sulpharsphenamine, 
etc.).  It  is  beyond  the  purpose  of  this  review  to  discuss  the  enormous 
literature  on  their  action.  We  may  be  content  to  note  the  greater 
efficacy  of  the  original  "606,"  thrown  out  of  true  solution  at  the  reac- 
tion of  the  blood,  as  compared  with  that  of  the  derivatives  soluble  at 
neutral  reaction,  when  both  are  given  intravenously.  It  may  be 
suggested  that  the  factor  of  persistence  of  action  is  here  at  work,  the 
active  arsenoxide  being  slowly  liberated  over  a  long  period  from  the 
insoluble  base  deposited  in  the  tissues;  and  this  suggestion  receives 
support  from  the  observation  that  the  more  soluble  and  readily 
excreted  derivatives  acquire  an   enhanced  efficacy  with  hypodermic 
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injection.  Some  of  these  preparations,  indeed,  owe  their  popularity  to 
the  possibility  of  giving  them  hypodermicalh'  without  causing  exces- 
sive pain  and  induration.  The  increased  curative  action  obtained  by 
associating  a  silver  compound  with  salvarsan,  producing  the  so-called 
silver-salvarsan,  is  not  yet  adequately  understood.  It  was  supposed 
that  a  silver  salt  (nitrate  or  sulphate)  formed  an  addition-compound 
with  salvarsan,  the  silver  and  arsenic  combining  in  virtue  of  residual 
affinities.  Recent  work  seems  to  have  supported  the  simpler,  if  less 
precise,  conception,  that  the  compound  consists  of  silver  chloride  or 
oxide  in  colloidal  solution,  protected  from  aggregation  by  the  emulsoid 
salvarsan.  It  must  be  left  an  open  question  whether  the  silver  as  such 
participates  in  the  spirocheticidal  action,  or  whether  its  association 
with  the*  salvarsan  favors  the  liberation  of  the  directly  therapeutic 
arsenoxide  in  the  body. 

Of  fresher  interest  is  the  experimental  demonstration  by  Levaditi 
and  Sazerac  (1921,  1922),  of  the  curative  action  in  syphilis,  and  in  the 
closely  analogous  natural  infection  of  rabbits  with  Spirochaeta  coniculi, 
of  the  bismuthyl  tartrate  of  potassium  and  sodium — a  bismuth  analogue 
of  tartar  emetic.  Fournier  and  Guenot  (1921),  (1922)  have  used  it 
extensively  and  with  success  in  treating  human  syphilis.  Tiie  sodium 
salt  had  already  been  used  by  Robert  and  Sauton  (1910)  for  experimental 
treatment  of  spirochetosis  in  fowls.  It  will  be  noted  that  again,  when 
arsenic  is  replaced  by  one  of  its  chemical  relatives,  antimony  or  bis- 
muth, the  necessity  for  employing  a  complex  and  unstable  organic 
derivative  seems  to  disappear,  and  a  relatively  simple  salt  of  con- 
venient solubility  seems  to  have  an  adequate  therapeutic  effect.  Later 
experience  has  tended  to  emphasize  the  view  that  it  is  bismuth,  ad- 
ministered in  any  form  which  will  secure  adequate  absorption,  which 
is  the  essential  chemothorapeutic  agent  in  this  case.  On  the  other 
hand,  in  the  first  observation  of  the  action  of  bismuth  compounds  on  a 
Hpir()cha(;tal  infection,  in  which  Robert  and  Sauton  demonstrated  its 
curative  eflfcct  in  infections  with  Sp.  yallinarimn,  these  authors  record 
that  the  HO(Jium  biwnuthyl  tartrate  was  without  action  on  tlio  para- 
«it«j  in  vitro. 

Recently  Fournier,  Levaditi  and  Scliwartz  (1922)  have  examined 
compoundH  of  niobium,  tantalum  and  vanadium.  The  last  alone 
fdiowoxl  any  effect  on  experimental  or  clinical  syphilis,  but  those  effcuits 
of  vanadium  were  coniparablc  to  those  obtained  with  the  analogous 
bismuth  wiltn.  Vritnchrr,  Scil  and  Stillians  had  already  (1917)  shown 
the  effect  of  vanadiinn  on  NVpliiliM. 
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We  may  note  that,  in  their  long  series  of  experiments,  which  led 
ultimately  to  salvarsan,  Ehrlieh  and  Hata  tried  a  number  of  dyes  in 
spirochetal  infections,  without  any  results  of  value.  "Bayer  205" 
which,  though  not  a  dye  itself,  may  be  regarded  as  the  most  successful 
achievement,  up  to  the  present,  of  chemotherapeutic  investigation  on 
compounds  of  this  type,  appears  to  be  without  effect  on  spirochetal 
infections.  Up  to  a  certain  point,  and  especially  in  connection  with 
the  arsenical  remedies,  trypanosomes  and  spirochaets  appear  to  show 
a  certain  community  of  response  to  therapeutic  agents;  thereafter 
divergence  is  apparent,  the  lines  of  investigation,  which  at  the  moment 
show  the  greatest  promise  for  new  development,  being,  in  the  one  case, 
in  the  direction  of  complex  organic  substances  related  to  the  dyes, 
in  the  other  case,  in  the  direction  of  relatively  simple  salts  of  the  metals 
related  to  arsenic  and  antimony. 

V.  Leishmaniasis.  The  successful  treatment  of  Leishmania  in- 
fections has  hitherto  been  practically  limited  to  the  intravenous  in- 
jection of  tartar  emetic  and  its  sodium  analogue.  The  use  of  these 
salts  appears  to  have  resulted  from  empirical  trial  by  different  workers 
(Vianna  (1913),  Carini  (1914),  Cristina  and  Caronia  (1915),  Rogers 
(1915)),  working  merely  on  the  broad  analogy  of  its  previous  use  in 
other  protozoal  infections.  It  was  remarkably  successful,  though  the 
arsenical  remedies  had  been  relatively  valueless.  At  the  time  of 
writing  the  first  news  is  published  of  the  successful  treatment  with 
"Bayer  205"  of  a  case  of  kala-azar,  which  had  resisted  treatment  by  tartar 
emetic  (Yorke,  1923).  Simultaneously  there  is  published  by  Linden- 
berg  (1923)  an  account  of  the  treatment  by  "Bayer  205"  of  the  cutan- 
eous Leishmaniasis  of  Brazil.  Cases  can  apparently  be  cured  by 
hypodermic  injection,  but  local  application  of  "205"  to  the  sore  is 
without  effect:  a  most  significant  observation,  if  confirmed.  This  is 
but  one  example,  out  of  a  number,  which  will  present  themselves,  of 
the  lack  of  correspondence  between  the  facts  of  chemotherapy  and  the 
accepted  zoological  affinities.  "Bayer  205"  is  highly  effective  in 
certain  trypanosome  infections,  quite  ineffective  in  others,  but  ap- 
parently effective  again  in  Leishmaniasis.  The  Leishmania  parasite 
has,  indeed,  some  zoological  affinity  with  the  trypanosomes,  but  hardly 
so  close  as  that  of  different  species  of  trypanosome  for  one  another. 
We  may  note,  in  the  same  connection,  the  common  liability  of  trypano- 
somes and  spirochaets  to  the  action  of  arsenical  remedies  such  as  salvar- 
san, which  Leishmania  does  not  fully  share.  No  theory  as  to  the 
systematic  position  of  the  spirochaets  can  suggest  for  them  a  closer 
biological  affinity  to  the  trypanosomes  than  that  of  Leishmania. 
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VI.  Malaria.  For  the  treatment  of  malaria  the  modern  develop- 
ment of  chemotherapy  has  effected  practically  nothing.  Since 
cinchona  bark  was  brought  to  Europe  in  the  17th  century,  real  improve- 
ments in  the  treatment  of  malaria  have  been  almost  limited  to  improve- 
ments in  the  administration  of  this  drug  and  its  alkaloids,  guided  in  the 
more  recent  period  by  the  recognition  of  the  malarial  parasites  and 
more  accurate  knowledge  of  the  chemistry  of  the  cinchona  alkaloids. 
Ehrlich  and  Guttmann's  (1891)  trial  and  recommendation  of  methy- 
lene blue  has  been  mentioned.  Later  observations  have  not  supported 
its  claim  to  rivalry  with  quinine,  nor  have  any  of  the  newer  remedies 
for  other  protozoal  infections,  such  as  salvarsan,  acquired  an  impor- 
tance in  the  treatment  of  malaria  at  all  comparable  with  that  of  quinine. 
The  special  reputation  of  quinine,  as  compared  with  the  other  natually 
occurring  cinchona  alkaloids  would  appear  to  be  largely  artificial.  It 
apparently  arose  at  a  time  when  quinine  and  cinchonine  were  the 
well-known  and  characterized  alkaloids,  the  latter  contrasting  un- 
favorably with  quinine  on  account  of  its  toxicity  for  man.  In  recent 
years,  with  improving  knowledge  of  the  cinchona  alkaloids,  others 
have  been  tried,  with  results  which  seem  to  indicate  that  some  of  them 
— hydroquinine,  quinidine,  cinchonidine — are  at  least  as  effective  in 
the  treatment  of  malaria,  and  not  noticeably  more  toxic.  (McGil- 
christ  (1915),  Gicmsa  and  Werner  (1914),  Acton  (1920).) 

ITie  point  has  practical  importance  since  the  whole  policy  of  the 
artificial  cultivation  of  cinchona  has  hitherto  been  governed,  both  in 
selection  of  soil  and  climate,  and  the  selective  breeding  of  the  trees, 
by  the  supposed  necessity  of  securing  a  maximum  yield  of  quinine  in 
proportion  to  the  other  alkaloids.  Theoretically  it  is  interesting  as 
showing  that  neither  the  vinyl  group,  which  is  reduced  to  an  ethyl 
group  in  hydroquinine,  not  the  methoxy-group,  which  is  absent  in 
cinchonidine,  nor  the  precise  stereometric  configuration  of  the  quinine 
molecule,  since  quinidine  differs  in  its  arrangement  in  relation  to  at 
least  one  of  the  four  a.synunetric  carbon  atoms,  is  essential  to  the 
therapeutic  action  of  quinine  in  malaria. 
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With  the  exception  of  hydroquinine,  none  of  the  many  artificial 
derivatives  which  have  now  been  made  from  these  cinchona  alkaloids 
have  proved  to  be  even  as  good  as  the  natural  ones  in  treating 
malaria:  they  have  found  their  practical  uses  in  other  directions,  in 
in  the  treatment  of  bacterial  infections.  The  main  question  of  chemo- 
therapeutic  interest,  therefore,  is  still  that  of  the  manner  in  which 
quinine  and  its  similarly  acting  relatives  produce  their  antimalarial 
effect.  It  is  a  curious  item  in  the  history  of  the  subject  that  Binz, 
as  long  ago  as  1867,  should  have  correctly  predicted  that  the  cause  of 
malaria  would  prove  to  be  a  protozoon,  on  the  quite  inadequate  ground 
of  his  observation  that  quinine,  with  its  traditional  value  in  malaria, 
had  a  lethal  action  on  free-living  protozoa  (Paramecium  etc.)  in  rela- 
tively high  dilutions.  It  would  have  been  as  logical,  from  the  failure 
of  quinine  to  cure  tropical  dysentery  or  sleeping  sickness,  to  conclude 
that  the  infective  agents  in  these  diseases  were  probably  not  protozoa. 
After  the  discovery  of  the  malarial  Plasmodia  various  attempts  were 
made  to  observe  the  effect  of  quinine  on  the  parasites.  Many  such 
observations  were  directed  to  following  the  degenerative  changes  in 
the  parasites  during  the  treatment  of  the  patient  with  quinine;  these, 
of  course,  leave  quite  open  the  mode  of  action  of  the  remedy,  whether 
directly  on  the  parasite,  or  indirectly,  by  stimulating  the  defensive 
response  to  the  host.  Observations  on  the  effect  of  quinine  added  to 
malarial  blood  w  vitro  have  not  produced  any  conclusive  evidence  in 
in  favor  of  a  direct  parasiticidal  action  of  the  alkaloid.  (Laveran  (1891), 
Dock  (1891),  Marchiafava  and  Celli  (1886),  LoMonaco  and  Panichi 
(1900).)  The  last  named  authors  appeared  to  regard  the  effect  of 
quinine,  in  medicinal  doses,  as  a  stimulation  of  the  young  parasites, 
leading  them  to  leave  the  red  corpuscles  and  so  to  become  exposed  to 
the  unfavorable  conditions  of  the  blood-plasma.  This  observation 
has  an  obvious  relation  to  the  interesting  theory  of  quinine  action  much 
more  recently  put  forward  by  Morgenroth  (1918),  This  observer,  as 
the  result  of  tests  made  by  physiological  and  bacteriological  methods, 
came  to  the  conclusion  that,  when  quinine  is  added  to  shed  blood,  a 
very  high  percentage  of  it  becomes  extracted  by  the  corpuscles,  the 
serum  or  plasma  being  left  almost  free  from  quinine.  On  the  basis 
of  these  observations  Morgenroth  puts  forward  the  suggestion  that 
quinine  owes  its  curative  action  in  malaria  to  its  organotropic  properties, 
especially  its  affinity  for  the  red  corpuscles.  He  leaves  it  an  open 
question  whether  the  quinine,  so  located,  acts  in  relativel}^  concen- 
trated form  on  the  already  intracorpuscular  parasites,  or  whether,  as 
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he  thinks  more  probable,  the  quinine,  being  concentrated  on,  or  in, 
the  surface  layer  of  the  corpuscle,  repels  the  merozoites  resulting  from 
the  asexual  reproductive  cj'cle,  so  that,  being  denied  access  to  the  place 
of  their  further  growth,  they  perish  in  the  plasma.  While  it  is  of 
interest  to  find  Ehrlich's  former  colleague  thus  frankly  adopting  a 
view,  which  attributes  the  curative  action  of  quinine  to  an  organo- 
tropic and  not  a  parasitotropic  property,  it  must  be  borne  in  mind 
that  none  of  the  numerous  determinations,  of  the  distribution  of 
quinine  between  corpuscles  and  plasma,  which  have  been  made  by 
chemical  means,  give  an}'  support  to  Morgenroth's  deduction  from 
his  biological  tests.  Ramsden,  Lipkin  and  Whitley  (1918)  found  a 
ration  of  2  or  3  to  1  in  favor  of  the  concentration  in  the  plasma,  while 
later  determinations,  by  Acton  and  King  (1921),  show  a  practically 
equal  distribution  throughout  the  blood  mass.  The  discrepancy  is 
obviouslj'  one  which  demands  further  investigation.  For  our  present 
purpose  it  is  sufficient  to  note  that  no  simple  conception,  of  directly 
lethal  action  on  the  malarial  parasites,  will  fit  the  knowledge  yet 
available  as  to  the  nature  of  the  curative  action  of  quinine  in  malaria. 
VII.  Amoebiasis.  As  in  the  case  of  malaria,  the  only  drug  wliich, 
even  to-day,  can  be  stated  to  have  an  indisputable  and  specific  action  on 
tropical  dysentery,  was  introduced  to  Europe  from  South  Anu^ica 
in  the  17th  century  for  the  treatment  of  that  disease,  more  than  two 
centuries  before  the  organism  responsible  for  it  was  discovered.  The 
alkaloids  of  ipecacuanha  root  like  those  of  Cinchona  bark,  have  now 
lx?cn  isolated  and  characterized;  and  again  we  finil  among  thorn,  in 
emetine  and  cephaeline,  principles  having  an  antiamebic  action  more 
|K)tcnt  and  specific  than  that  of  any  other  known  sul)stanco,  including 
such  artificial  derivatives  of  emetine  as  have  hitherto  been  i)ropared. 
ITie  Entamoeba  histolytica  is  an  organism  much  more  readily  accessible 
for  direct  oljscrvation  of  effects  hi  vitro  than  the  nuilaria  parasite;  and 
until  a  few  years  ago  the  evidence  seemed  to  point  distinctly  to  the 
«implc«t  poHsible  mechanism  for  the  curative  action  of  emetine  in  ame- 
bic infections,  namely,  a  directly  lethal  action  on  the  amebae.  Vedder 
(1911)  «howed  that  the  alkaloids,  in  relatively  high  concentration 
(1  in  100,000)  would  kill  free-living  amebae,  though  Lyons  (l'.)12), 
who  made  siniihir  exj)crinu'nlH,  was  doubtful  as  to  the  adetiuacy  of 
the  rcftultH  to  exphiin  the  IheraiM'utic;  action.  Rogers'  (1912)  experi- 
ment, which  imiicatrd  that  I'JtUamotha  hintolytica,  fresh  from  the  human 
int4!Htinf%  wa«  killrd  in  a  few  minutes  by  (>metin(>  in  a  dilution  of  1  in 
100,000,  miggefited  that  there  was  no  tifcd  to  look  further  than  simple, 
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direct  action  on  the  parasite  for  an  explanation  of  the  therapeutic 
action  in  the  patient. 

Repetition  of  such  observations,  and  their  extension  to  the  other 
alkaloids  of  ipecacuanha,  to  artificial  derivatives  therefrom,  and  to 
other  substances,  have  made  this  simple  view  quite  untenable.  Kuenen 
and  Swellengrebel  (1913)  observed  a  lethal  action  of  emetine  on  E. 
histolytica,  but  it  heeded  from  1  in  10,000  to  1  in  5,000  to  produce  the 
effect,  and  periods  up  to  many  hours  for  its  development.  The  experi- 
ments of  Kolmer  and  Smith  (1916),  and  of  Walters,  Baker  and  Koch 
(1917)  also  showed  a  much  lower  order  of  activity  for  emetine  on 
parasitic  or  free-living  amebae.  Dale  and  Dobell  (1917)  studied  the 
effects  of  a  number  of  these  alkaloids  on  the  fresh  entamebae  in  the 
test-tube,  obtaining  the  material  mostly  from  cats  infected  from  human 
cases  of  dysentery.  Some  of  the  same  substances  have  been  clinically 
tested  on  man  by  G.  C.  Low.  A  very  curious  contrast  is  revealed. 
While  Dale  and  Dobell  did  not  find  emetine  without  effect  on  the 
isolated  amebae,  both  it  and  cephaeline  were  far  less  active  than  Rogers' 
statement  had  suggested,  and  less  so  than  other  alkaloids,  such  as 
quinine  and  harmaline,  which  have  no  curative  action  in  an  amoebic 
infection.  This  has,  in  essence,  been  recently  confirmed  by  Allen 
(1920),  using  amebae  direct  from  human  patients.  On  the  other 
hand,  one  of  the  minor  natural  alkaloids  from  ipecacuanha,  methyl- 
psychotrine,  and  several  artificial  derivatives,  such  as  demethoxyeme- 
tine,  were  found  by  Dale  and  Dobell  to  exhibit  a  more  powerful  toxic 
action  for  the  isolated  amebae  and  a  relatively  very  low  toxicity  for 
the  mammal.  These,  when  tested  on  human  sufferers  from  dysen- 
tery, all  failed  entirely  to  justify  this  promise  of  therapeutic  value; 
so  far  as  results  at  present  available  warrant  a  conclusion,  it  would  be 
that  the  therapeutic  efficacy  of  these  alkaloids,  in  dysentery,  has  no 
relation  to  their  toxicity  for  Entamoeba  histolytica  outside  the  body, 
but  is,  roughly,  in  direct  proportion  to  their  toxicities  in  man. 

Another  curious  fact  which  emerged  was  that  a  strain  of  Entamoeba 
which  was  readily  susceptible  to  treatment  by  emetine  in  the  human 
patient,  was  completely  resistant  to  emetine  in  kittens,  to  which  it 
had  been  transferred  from  man  before  the  treatment  was  applied. 
The  close  connection  of  the  curative  action  of  emetine  with  the  behavior 
of  the  organism  as  a  tissue-parasite  is  made  clear  by  the  fact  that  treat- 
ment with  emetine  eliminates  infection  with  E.  histolytica  and  leaves 
undisturbed  the  saprophytic  entamebae  and  allied  fonns  (Entameba 
coli,  Endolimax  nana)  living  in  the  contents  of  the  colon.     We  are, 
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once  more,  almost  compelled  to  suppose  that  the  tissues  of  the  host 
play  an  essential  part  in  the  curative  action  which  the  drug  initiates. 
It  is,  of  course,  just  conceivable  that  emetine,  while  not  visibly  affect- 
ing the  motility  and  vitality  of  the  amebae,  when  applied  in  high  dilu- 
tions, has  nevertheless  a  powerful  inhibiting  action  on  their  reproduc- 
tive activity',  which,  since  artificial  culture  has  not  proved  possible, 
cannot  be  detected  outside  the  body.  So  far  as  experiments  on  free- 
living  amebae  in  culture  can  provide  sound  evidence  on  this  point, 
it  is  not  in  favor  of  such  a  view.  Pyman  and  Wenyon  (1917)  found, 
indeed,  an  inhibiting  action  produced  by  emetine  and  cephaeline  and 
none  by  psychotrine,  which  has  no  curative  action.  They  observed, 
however,  equally  good  inhibition  of  multiplication  by  N.  methyleme- 
tine,  the  curative  effect  of  which  is,  at  best,  very  slight.  It  would  be 
rather  a  forced  assumption,  moreover,  to  suppose  that  alkaloids  nearly 
related  to  emetine,  and  having  a  more  pronounced  immediate  and 
visible  action,  should  be  devoid  of  the  inhibiting  action  on  reproduction; 
and  the  assumption  could  not,  in  any  case,  explain  why  emetine  in- 
hibits the  reproduction  of  the  entameba  in  man,  but  not  that  of  the 
same  strain  in  the  cat.  To  suggest,  as  an  explanation,  cooperation  of 
the  host's  tissues,  in  a  manner  concerning  which  the  knowledge  yet 
available  affords  not  even  a  hint,  is  unsatisfactory;  but  it  seems  at 
present  the  only  alternative  to  a  completely  agnostic  attitude. 

VIII.  Helminthiasis.  Strictly  speaking  we  ought  to  include  under 
the  heading  of  "chemotherapy"  the  removal  of  parasitic  worms  from  the 
alimentary  canal,  by  administering,  by  the  mouth,  substances  which 
kill  or  paralyze  the  worm,  without  producing  serious  symptoms  of 
poisoning  in  the  host.  The  conditions,  however,  are  so  different  from 
those  which  govern  the  treatment  of  infections  by  parasites  of  the 
blood  and  tissues,  and  the  action  involved  is  so  obviously  and  beyond 
question  a  direct  ]Kjisoning  of  the  para^siio,  that  tiie  inclusion  of  this 
type  of  treatment  in  tliis  review  would  be  misleading  rather  than 
illuminating.  ITie  case  is  different  with  infections  by  worms  of  the 
blood  and  tisHues:  here  the  problems  of  treatment  closely  resemble 
thow!  encounterc'd  in  dealing  with  protistul  infections.  Such  success 
&H  hoH  lK!cn  attained  has  resulted  from  the  empirical  trial  of  remedies 
which  have  been  found  effective  in  infect  ions  with  protozoa  or  spiro- 
cha4.'tH.  Infection  with  the  guinea-worm  can,  upi)ar('nlly,  be  cured  by 
intravenous  administration  of  salvarsan  or  tartar  emetic.  (Jeansclme 
(1919),  MontiK'ilier  and  Ardoin  (11)10),  Macfie  (H)2()).)  Hiii  the  most 
striking  and  iN'Mt  authenticated  success  has  been  attained  in  treating 
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infections  with  Bilharzia  (Schistosoma)  by  tartar  emetic,  injected  intra- 
venously. This  was  tried  by  Christopherson  (1918),  (1919),  (1920) 
in  1918,  who  was  induced  to  make  the  attempt  by  his  observation 
of  its  success  in  Leishmaniasis.  Before  this  successful  trial,  a 
chemotherapeutic  attack  on  Bilharzia  infections  had  been  regarded 
as  an  almost  hopeless  enterprise,  since  the  symptoms  constituting 
the  essential  disease  are  produced,  not  by  the  adult  worms  in  the 
circulation,  but  by  the  innumerable,  irritating  and  highly  resistant 
ova,  finding  their  way  to  the  exterior  through  the  tissues  of  the  blad- 
der and  the  rectum.  It  is  still  a  matter  for  surprise  that  the  eggs 
should  be  killed  by  the  antimony  treatment,  and  that,  with  their  death, 
the  irritating  action  should  cease.  The  evidence  as  to  the  mode  of 
action  is  still  incomplete.  Christopherson  describes  experiments, 
which  he  regards  as  proving  a  direct  lethal  action  of  the  tartar  emetic 
on  the  ova  and  the  free-swimming  embryos  (miracidia).  It  cannot  be 
said  that,  having  regard  to  the  concentrations  employed,  they  carry 
a  strong  conviction  of  the  correctness  of  his  view. 

This  theory  of  directly  lethal  action  is  rendered  more  difficult  by 
the  fact  that  a  number  of  observers  (Diamantis  (1917),  Mayer  (1918), 
Bonne  (1919),  Debbas  (1920),  Erian  (1919),  Tsykalas  (1921))  have 
made  very  similar  claims  for  emetine,  administered  hypodermically  or 
intravenously,  as  a  cure  for  bilharziasis  of  the  bladder  or  the  rectum. 
On  the  other  hand,  it  is  at  least  extremely  doubtful  (Low  and  Gregg, 
Macfie)  whether  tartar  emetic  has,  on  Filaria  infections,  the  curative 
effect  which  Rogers  had  suggested. 

COKCLUSION 

In  the  foregoing  pages  an  attempt  has  been  made  at  an  impartial 
summary  of  the  facts  which  must  be  covered  by  any  general  theory  of 
the  mode  of  action  of  specific  chemical  remedies  for  infections.  Al- 
ready in  the  early  days  of  this  type  of  investigation,  when  attention 
was  focussed  on  the  effects  of  certain  chemicals  on  infection  with  try- 
panosomes,  facts  were  constantly  presenting  themselves  which  could 
only  with  difficulty,  and  with  aid  of  subsidiary  hypotheses,  be  recon- 
ciled with  the  idea  that  the  curative  substance  acted  in  virtue  of  its 
differential  affinity  for  the  parasitic  protoplasm.  The  contrasts  between 
effects  in  vitro  and  those  in  vivo;  the  phenomena  of  acquired  resistance, 
specific  for  the  infected  host  as  well  as  for  the  infecting  strain  of  para- 
sites, and  showing,  at  the  same  time,  discrimination  between  nearly 
related  remedies  and  community  as  regards  others  having  no  chemical 
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similarity;  these  phenomena  were,  and  still  are,  difficult  to  bring  within 
the  scope  of  any  simple  type  of  explanation.  The  difficulty  has  greatly 
increased  during  recent  years,  as  the  methods  of  chemotherapy  have 
spread  to  the  treatment  of  other  tj'pes  of  infection.  When  we  are 
dealing  with  organisms  of  one  genus,  or  of  a  few  closely  allied  genera, 
the  postulation  of  different  chemoreceptors,  corresponding  to  the  dif- 
ferent kinds  of  compound  found  therapeutically  effective,  though  it 
does  not  convey  more  real  information  than  the  record  of  the  results 
observed,  does  not  involve  any  apparent  absurdity.  When,  however, 
we  try  to  apply  the  terminology  to  the  more  recent  extensions  of 
chemotherapy,  and  find  it  necessary  to  suppose,  for  example,  that  the 
Bilharzia  worm  has  antimony-receptors  in  common  with  tr3'panosomes 
or  Leishmania,  and  emetine-receptors  in  common  with  the  dysentery 
ameba,  it  becomes  increasingly  difficult  to  use  the  nomenclature  with 
complete  solemnity.  Ehrlich's  theory  will  always  deserve  the  credit 
of  having  provided  a  vigorous  stimulus  to  the  investigation  of  problems 
whichj  without  some  kind  of  working  hypothesis,  might  well  have 
seemed  beyond  the  reach  of  an  experimental  attack.  That  being 
admitted,  it  is  necessary,  on  the  other  hand,  to  admit  that  few  of  the 
successful  results  hitherto  obtained  have  been  obtained  by  a  consistent 
application  of  the  theory.  Some  of  them  seem,  indeed,  to  be  the  re- 
sult of  experiments  which  a  serious  acceptance  of  the  theory  would 
have  discouraged.  As  new  successful  applications  have  become  more 
frequent,  their  basis  has  become  increasingly  empirical.  It  is  difficult 
to  resist  the  conclusion  that  a  new  theoretical  foundation  is  required 
for  further  orderly  building,  and  that  this  will  have  to  take  fuller 
account  of  the  great  complexity  of  the  therapeutic  process,  and  es- 
pecially of  the  cooperation  therein  of  the  infected  host.  And,  if  this 
should  mean  some  measure  of  reunion  i)etween  "chemotherapy"  and 
the  parent  pharmacology,  from  whose  rather  unenterprising  tradition 
it  claimed  to  be  free,  the  result  can  only  be  to  the  advantage  of  thera- 
peutic science. 
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Much  the  greater  part  of  the  energy  made  use  of  by  man  and  other 
animals  to  warm  their  bodies  and  to  do  muscular  work  is  obtained  by 
the  oxidation  of  glucose  and  other  simple  sugars,  derived  from  the 
digestion  of  various  carbohydrates  contained  in  the  food.  In  ordinary 
diets  of  human  beings  from  one-half  to  two-thirds  or  even  more  of  the 
oxidizable  foodstuffs  are  sugars  and  starches,  which  after  digestion  are 
absorbed  from  the  intestine  chiefly  in  the  form  of  glucose.  Fructose 
and  galactose  are  also  absorbed  and  utilized,  though  in  much  smaller 
quantities. 

Besides  the  food  carbohydrate,  about  60  per  cent  of  the  protein  amino 
acids  and  about  10  per  cent  of  fat  (glycerol)  (129)  are  believed  to  be 
converted  into  glucose  in  the  normal  course  of  their  metabolism.  Fatty 
acids  also,  according  to  the  view  of  some  investigators,  are  convertible 
into  glucose  (74),  though  the  burden  of  evidence  appears  to  be  contrary 
to  this  conclusion.  The  metabolism  of  glucose  thus  represents,  from  a 
quantitative  standpoint,  much  the  most  important  chemical  reaction 
taking  place  in  the  body,  and  for  the  purposes  of  this  brief  survey,  its 
transformations  will  be  regarded  as  representing  the  intermediary 
metabolism   of  carbohydrate. 

In  addition  to  starch  and  common  sugars  which  yield  on  hydrolysis 
or  digestion  the  three  hexoses  named  above,  plant  tissues  used  for  food 
by  hcrbivoru.s  animals  contain  large  amounts  of  polysaccharides  which 
on  hydrolysis  by  acid  yield  sugars  of  five  carbon  atoms,  the  pentoses. 
These  pentosans  undoubtedly  furnish  a  very  important  source  of  energy 
to  grazing  animals,  but  it  is  probable  that  their  digestion  is  largely  in 
the  nature  of  fcnncntation  by  flora  of  tiie  intestinal  tract,  with  the 
formation  of  acids  and  other  products  rather  than  the  constituent  pen- 
tose sugars.  Insofar  as  tliis  is  the  case  th(^  carbohydrate  characteris- 
ticH  arc  lost  before  the  products  enter  the  blood  stream.  In  these 
animals  glucose;,  glycogen  and  lactose  may  be  formed  by  synthesis  from 
the  fenncntation-<iigC8tion  products  of  pentosans,  which  thus  by  a 
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round-about  transformation  play  an  important  role  in  the  carbohydrate 
metabolism.  Pentosans  are  scarcely  if  at  all  digested  or  absorbed  by 
man,  and  therefore  have  little  part  in  human  metabolism.  When  the 
pure  pentoses  are  fed  a  part  has  been  found  to  be  excreted  unchanged ; 
neither  arabinose  or  zylose  are  converted  into  glucose  in  the  body  (13). 
It  appears  that  these  sugars  and  the  methyl  pentose,  rhamnose  may  be 
metabolized  in  small  amounts  (24),  (122),  though  nothing  is  known  of 
the  stages  of  their  oxidation. 

Glucose,  whether  derived  from  ingested  sugars  and  starch  or  formed 
from  amino-acids  or  other  substances  in  metabolism,  may  be  burned  to 
carbon  dioxide  and  water,  with  or  without  an  intermediate  conversion 
into  glycogen,  or  may  be  converted  into  fat.  The  chemical  reactions 
by  which  these  transformations  are  accomplished  have  long  been  sub- 
jects of  investigation,  and  many  interesting  facts  are  known,  but  the 
fundamental  problems  remain  unsolved.  The  trend  of  opinion  at 
present  is  toward  the  view  that  the  general  course  of  the  reactions  in 
animal  cells  is  very  similar  to,  and  many  of  the  intermediates  the  same 
as,  the  fermentation  of  sugar  by  yeasts.  From  this  point  of  view  the 
subject  was  reviewed  by  Neuberg  in  1913  (151),  (152)  and  later  work 
by  Meyerhof,  Embden  and  others  has  been  interpreted  as  confirming 
this  similarity.  The  present  discussion  will  however  be  limited  to 
the  reactions  of  glucose  in  the  animal  body. 

The  path  of  glucose  metabolism  does  not  lie  in  its  direct  oxidation, 
or  in  its  direct  synthesis  to  fatty  acid,  but  the  molecule  first  undergoes 
progressive  conversion  into  other  much  more  reactive  substances  and 
it  is  these  products  resulting  from  molecular  rearrangements  which  are 
finalty  oxidized  with  the  liberation  of  energy,  or  are  synthesized  to  fat 
and  other  substances.  The  first  step  appears  to  be  the  transformation 
of  ordinary  glucose  into  a  more  reactive  isomeric  form,  which  may 
undergo  condensation  to  polysaccharides  (glycogen)  or  with  phosphate 
to  form  salts  of  a  hexose  phosphoric  acid.  These  derivatives  of  the 
original  glucose,  or  their  nascent  hydrolytic  products,  "dissociate"  into 
three  carbon  fragments  which  are  highly  reactive  and  correspondingly 
unstable,  and  under  certain  circumstances  appear  in  the  body  as  lactic 
acid.  According  to  the  now  prevalent  view  lactic  acid  represents  the 
main  intermediate  in  glucose  metabolism  and  it  is  with  this  substance 
that  oxidation  actually  begins.  Although  the  belief  that  glucose  oxida- 
tion proceeds  through  lactic  acid  may  be  open  to  question,  there  is 
conclusive  proof  that  the  conversion,  glucose  ^  lactic  acid,  does  nor- 
mally take  place  in  both  directions  in  the  body,  and  that  the  reactions 
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concerned  in  this  transformation  are  fundamentally  related  to  carbo- 
hydrate metabolism. 

As  a  basis  for  the  following  discussion  the  reader  is  asked  to  consult 
the  following  diagram.  Some  of  the  reactions  indicated  are  more  or 
less  hj^pothetical  and  the  diagram  is  intended  only  as  an  aid  in  orient- 
ing ourselves  in  the  maze  of  evidence  which  requires  consideration. 
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It  will  lx»  notnd  that  the  firHt  group  of  reactions  at  the  top  of  the 
diugraiii  involve  only  revorsiblc  roiirningcmentH  within  the  glucoses  mole- 
cule and  itfl  condensation  to  polysaccharides  (gly('ogen),  in  which  little 


INTERMEDIARY   METABOLISM   OF   CARBOHYDRATES  397 

or  no  energy  change  takes  place.  Recent  evidence  indicates  that  these 
transformations  although  not  extensive  as  to  molecular  structure  may 
nevertheless  be  of  fundamental  importance. 

The  reactions  of  the  second  group  from  glycogen  or  7  glucose  to 
lactic  acid  are  probably  also  reversible  and  involve  no  oxidation  and 
but  little  energy  change,  but  do  involve  a  splitting  of  the  six  carbon 
molecules  into  three  carbon  fragments.  The  loss  of  energy  in  the  sum 
of  the  reactions  from  glucose  to  lactic  acid  (including  neutralization 
with  bicarbonate  or  phosphate)  is  at  most  about  190  calories  per  gram 
of  lactic  acid  (141)  which  is  only  about  one-twentieth  of  the  calorie 
value  of  the  glucose  from  which  it  was  derived. 

The  third  group  of  reactions  concerns  the  oxidation  of  the  three 
carbon  dissociation  fragments  of  glucose,  and  it  is  in  these  stages  that 
the  bulk  of  the  energy  is  liberated.  Or  it  may  be  that  the  oxidation 
is  not  of  lactic  acid  and  its  products,  but  of  an  earlier  derivative  of  the 
parent  glucose.  The  oxidative  reactions  are,  of  course,  exothermic  and 
are,  in  the  main,  irreversible  in  the  body. 

We  may  first  consider  the  evidence  as  to  different  forms  of  glucose. 

The  different  forms  of  glucose.  It  has  long  been  known  that 
the  optical  activity  of  freshly  prepared  solutions  of  ordinary  glucose 
gradually  becomes  less,  and  only  after  some  hours  attains  a  value 
corresponding  to  the  specific  rotation  of  -j-52.5°.  This  phenomenon 
(mutarotation)  which  is  exhibited  also  by  other  reducing  sugars,  studied 
especially  by  Lowry  (127)  and  by  Hudson  (96),  is  due  to  the  slow  con- 
version of  a-glucose,  a  form  predominating  in  ordinary  solid  prepara- 
tions of  the  sugar,  into  /3-glucose.  The  final  rotation  is  the  result  of 
an  equilibrated  mixture  of  the  two  forms,  which  were  isolated  by  Tan- 
ret  (190).  The  formulae  generally  assigned  to  these  forms  are  given 
below  and  represent  butylene  oxides  corresponding  to  the  a-  and  /3- 
methyl  glucosides  prepared  by  Fischer. 
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The  conversion  of  one  form  into  the  other  is  beheved  to  take  place 

through  the  intermediate  formation  of  the  aldehyde  structure  by  the 

breaking  of  the  butylene  ring  and  its  reformation.     Although  slow  at 

low  temperatures  and  in  neutral  solutions,  the  conversion  is  rapid  on 

warming  and  is  practically  instantaneous  in  the  presence  of  even  very 

slight  alkalinity. 
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Besides  these  ordinary  forms  there  is  good  evidence  that  glucose 
exists  also  in  much  more  reactive  modifications.  Fischer  (59)  and 
Irvine  (98)  have  identified  two  additional  methyl  glucosides  as  the 
derivatives  of  an  ethylene  oxide  structure  of  glucose,  designated  y 
glucose.  The  parent  glucose  according  to  Irvine,  Fyflfe  and  Hogg  (98), 
(99),  and  Armstrong  and  Hilditch  (5),  (6),  readily  undergoes  condensa- 
tion, is  rapidly  oxidized  by  permanganate,  and  is  much  more  reactive 
than  ordinary  glucose.  Although  y  glucose  has  not  been  isolated, 
its  existence  and  its  greater  reactivity  appear  to  be  established.  These 
more  reactive  forms  have  acquired  very  great  biochemical  significance 
through  several  recent  discoveries  which  suggest  that  the  a  and  ^  buty- 
leno-oxido  forms  must  be  converted  into  the  y  forms  before  glucose  is 
utilized  in  the  body.  Hewitt  and  Pryde  (85)  have  found  that  when 
solutions  of  ordinary  glucose  are  injected  into  a  loop  of  intestine  it  is 
rapidly  converted  into  a  form  having  lower  optical  activity  and  greater 
reactivity  than  the  equilibrated  mixture  of  the  a  and  /3  forms.  On 
withdrawal  from  the  intestine,  the  optical  activity  slowly  rises  until 
it  corro8i)ond8  with  the  rotation  of  ordinary  glucose.  They  conclude 
that  the  intestinal  muco.sa  accomplishes  the  transformntu*?)  <>f  <y  iuxl  /? 
into  y  glucose. 

These  important  obst-rvations  have  been  very  recently  extended  by 
Winter  and  Smith  (195)  who  find  that  the  sugar  of  tlie  l)lood  of  normal 
animals  and  men,  when  examined  as  promptly  as  possible  after  its 
separation  at  low  tciiiix»raturo  from  protein  and  Halts,  has  an  optical 
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activity  much  below  that  which  corresponds  to  ordinary  eqiiiUbrated 
glucose.  On  standing  the  optical  value  rises  until  after  a  day  or  two 
it  becomes  constant  and  agrees  with  the  value  expected  from  the  de- 
termination of  glucose  by  copper  reduction  methods.  They  were 
unable  to  detect  fructose  in  the  separated  blood  sugar.  The  phenyl 
hydrazine  ozasone  had  the  melting  point  and  the  crystal  form  of  glu- 
cosazone. 

Furthermore,  blood  sugar  during  alimentary  hyperglycemia  follow- 
ing the  ingestion  of  150  grams  of  fructose  and  after  100  grams  of  glu- 
cose, showed  the  same  discrepancy  between  optical  rotation  and  copper 
reduction  values;  the  copper  values  remained  constant,  while  the  opti- 
cal values  increased  until  the  two  agreed.  Presumably,  therefore, 
both  glucose  and  fructose  are  transformed  during  absorption  or  soon 
thereafter  into  the  same  form.  The  sugar  obtained  from  the  blood  of 
human  diabetics  on  the  other  hand  did  not  show  the  low  optical  rota- 
tion, but  agreed  with  the  copper  reduction  values.  In  one  case  the 
initial  rotation  of  the  diabetic  sugar  was  higher  and  gradually  decreased 
to  the  copper  value.  But  after  the  injection  of  "insulin"  (9),  causing 
a  decrease  of  hyperglycemia  and  of  glycosuria,  the  sugar  extracted 
from  diabetic  blood  was  found  to  be  similar  to  that  of  normal  blood, 
the  initial  rotation  being  lower  than  corresponds  with  the  copper  reduc- 
tion, and  increasing  on  standing  (34).  The  authors  interpreted  their 
observations  as  indicating  the  conversion  in  the  body  of  the  normal 
subject  of  a-and  /3-glucose  into  the  more  reactive  7-form  having  a  lower 
specific  rotation, — a  conversion  which  is  not  accomplished  by  the  dia- 
betic organism.  The  same  workers  have  expressed  the  hypothesis  that 
this  conversion  is  essential  for  the  oxidation  of  glucose,  and  that  the 
inability  to  effect  this  transformation  is  the  basic  defect  in  diabetes. 
They  report  that  preparations  of  pancreas  ("insulin"),  when  added  to 
liver  extracts  bring  about  a  decrease  in  the  optical  activity  of  glucose 
which  they  interpret  as  being  due  to  its  conversion  into  the  7-form  (196). 

The  observations  recall  the  important  results  of  Admont  Clark  (17) 
who  found  that  on  perfusion  of  dog's  pancreas  with  Locke's  solution 
containing  glucose,  the  optical  activity  of  the  solution  is  reduced  but 
its  copper  reducing  power  is  unaltered.  After  acid  hydrolysis,  or 
standing  with  antiseptics,  the  loss  of  optical  activity  was  regained. 
Perfusion  of  heart,  spleen  or  kidneys  did  not  cause  this  loss  of  optical 
power.'  When  however  the  beating  heart  was  perfused  with  Locke's 
solution  which  was  passed  also  through  the  pancreas,  there  was  a  de- 
crease in  reducing  power  as  well  as  of  optical  activity,  both  being  in  part 
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regained  on  acid  hj'drolysis.  Besides  a  consumption  of  glucose,  a  part 
was  converted  into  a  substance  having  lower  optical  activity  than  ordi- 
narj'  glucose.  The  osazoncs  prepared  from  pancreas  perfusates  had 
melting  points  distinctly  different  from  that  of  glucosazone,  being  from 
200.5°C.  to  203°C.,  while  after  acid  hj-'drolysis  of  the  same  perfusates, 
the  osazones  then  obtained  melted  from  203.5°  to  200.5°.  Clarke  con- 
cluded that  the  pancreas  furnished  to  the  perfusing  fluid  an  enzyme 
which  changes  glucose  into  a  "simple  form  of  polysaccharide"  with 
lower  optical  activity  but  of  the  same  reducing  power  as  glucose.  The 
heart  was  able  to  utilize  some  of  the  sugar  after  it  had  been  transformed 
by  the  pancreas  enzyme,  and  a  part  was  further  condensed  to  polysac- 
charides, the  optical  activity  and  reducing  power  of  which  were  increased 
by  acid  hj-^drolysis. 

In  addition  to  demonstrating  a  reversible  decrease  in  the  optical 
activity  of  glucose  on  perfusion  through  pancreas,  which,  in  the  view 
of  Hewitt  and  Pryde  and  of  Winter  and  Smith,  may  be  explained  by 
its  transformation  into  7-glucose,  Clark's  results  also  point  clearly  to 
the  necessity  of  this  transformation  before  glucose  can  be  oxidized  by 
the  heart  muscle.  Recent  experiments  by  Hepburn  and  Latchford  (84) 
demonstrate  an  increased  rate  of  glucose  consumption  by  the  beating 
heart  when  insulin  is  added  to  the  perfusion  fluid. 

Referring  to  our  diagram  it  will  be  noted  that  the  investigations 
cited  above  have  to  do  especially  with  the  transformation  of  a-  and 
^-glucose  into  another  form,  possibly  7-glucose.  According  to  Irvine, 
one  of  the  characteristics  of  7-glucose  is  its  tendency  to  undergo  con- 
densation. This  suggests  that  it  may  be  the  7-glucose,  formed  by  the 
intervention  of  pancreas  activator,  which  forms  glycogen,  liaiiting. 
Best,  CoUip,  Maclcod  and  Noble  (9)  find  that  the  amount  of  liver  glyco- 
gen in  dcpancrcatized  dogs  is  very  markedly  increased  by  insulin  in- 
jections, whereas  ,  as  is  well  known,  the  amount  of  glycogen  in  diabetic 
livers  is  ordinarily  small.  Macleod  (132)  takes  this  to  mean  that  gly- 
cogen is  an  essential  preliminary  stage  in  sugar  utilization,  and  that 
glycogen  is  not  formed  in  the  absence  of  the  pancreatic  hormone.  This 
is  in  lino  with  the  results  of  Barrcnscheen  (10),  who  found  that  on  per- 
fusion of  tlic  livers  of  dci)ancreatized  dogs,  ad(i(Ml  glucose  and  fructose 
■do  not  form  glycogen,  while  this  formation  does  take  place  on  similar 
perfusion  of  livers  of  normal  aniinnls. 

From  the  evidence  cited  above  the  hypothesis  api)(^ar8  attractive, 
that  a-  and  /3-glucose  is  converted  under  the  joint  inllueiice  of  tissues 
and  of  the  pancreas  hormone  into  7-glucose,  which  may  then  be  poly- 
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merized  to  glycogen  or  transformed  into  other  derivatives  capable  of 
oxidation,  both  of  which  fates  are  closed  to  the  molecular  configuration 
of  ordinary  glucose.  According  to  this  view  the  effect  of  the  pancreas 
hormone  is  located  with  the  early  molecular  rearrangements  within  the 
glucose  molecule,  perhaps  in  initiating  its  enolization,  and  especially 
the  formation  of  1-2  dienol,  which  may  be  regarded  as  similar  to  7- 
glucose. 

Brief  mention  may  be  made  of  another  sort  of  condensation  which  may 
or  may  not  have  to  do  with  glycogen  formation.  It  will  be  recalled 
that  Hirsch  (91),  Arnheim  and  Rosenbaum  (7)  and  especially  Cohnheim 
(23)  observed  a  disappearance  of  glucose  by  the  joint  action  of  muscle 
juice  and  pancreas  extracts.  The  observation  was  confirmed  by  Hall 
(80),  Dewitt  (35)  and  Levene  and  Mej'er  (114).  The  last  named  in- 
vestigators, however,  showed  that  the  loss  of  copper-reducing  power 
was  the  result  not  of  "glycolysis"  but  of  a  condensation.  After  the 
action  of  muscle  +  pancreas  extract  upon  strong  glucose  solutions, 
they  were  able  to  isolate  an  osazone,  which  on  analysis  appeared  to 
be  that  of  a  disaccharide.  After  the  digestion  had  taken  place  with  a 
lowering  of  reducing  power,  hydrolysis  of  the  resulting  sugar  solution 
by  acid,  or  hydrolysis  by  the  tissue  enzymes  after  dilution,  increased 
the  copper  reduction  values  to  that  of  the  controls  before  digestion. 
Similar  condensation  was  observed  of  fructose,  but  not  with  mannose, 
xylose,  ribose  and  lactose.  The  condensation  of  glucose  was  not  found 
to  take  place  by  muscle  or  other  tissues  alone,  but  required  the  addi- 
tion of  pancreas  extract  (or,  in  case  of  the  dog,  spleen  extract,  (117)). 

This  phenomenon  appears  not  to  have  been  further  investigated, 
and  its  significance  is  at  present  not  clear.  The  effect  of  Levene  and 
Meyer's  (117)  results  has  been  to  cast  doubt  upon  its  relation  to  glucose 
catabolism,  but  in  view  of  the  participation  of  pancreas  extracts  in 
accomplishing  the  observed  condensation,  and  in  the  light  of  the  more 
recent  work  suggesting  that  the  action  of  the  pancreas  hormone  may 
be  upon  the  preliminary  stages  of  glucose  transformation,  it  seems 
possible  that  it  may,  after  all,  be  related  to  a  phase  of  glucose  metab- 
olism. It  should  be  noted,  however,  that  the  conditions  under  which 
this  type  of  condensation  has  been  observed  are  very  different  from 
those  under  which  either  glycogen  formation  or  "glycolysis"  by  con- 
version to  lactic  acid  have  since  been  found  to  take  place.  (Antisep- 
tics, long  incubation  and  high  sugar  concentration.)  Sterile  suspen- 
sions of  leucocytes  or  of  kidney  tissue  in  phosphate  solutions  convert 
added  glucose,  fructose,  or  mannose  into  d-lactic  acid  (115,  116,  117), 
but  the  presence  of  toluol  wholly  prevents  this  action. 
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The  actian  of  alkalis  on  glucose.  Although  relatively  stable  in  acid 
or  neutral  solutions,  under  which  circumstances  glucose  requires  strong 
reagents  for  its  oxidation,  it  becomes  at  once  highly  reactive  in  the 
presence  of  alkalis  and  will  absorb  atmospheric  oxj^gen  (135).  Even  if 
oxygen  be  excluded  the  optical  activity  declines  (142)  and  the  sugar  is 
converted  into  a  large  number  of  different  substances.  The  reactions 
which  take  place  in  alkaline  solutions  have  been  found  to  be  of  great 
complexit}'.  Some  of  the  points  resulting  from  these  extensive  investi- 
gations may  be  stated  as  follows. 

In  exceedingly  dilute  alkali  there  occurs  a  very  rapid  transformation 
of  freshly  dissolved  glucose  or  other  sugars,  with  a  change  in  optical 
rotation  of  the  solution,  the  change  being  due  merely  to  the  partial 
conversion  of  a-glucose  into  the  isomeric  (8-form  (mutarotation) 

In  somewhat  stronger  alkali  the  initial  sugar  is  gradually  converted 
into  a  mixture  of  all  of  the  members  of  that  series  (Lobry  de  Bruyn 
phenomenon) .  d-Glucose,  for  example,  gives  a  mixture  of  six  isomeric 
hexoses  including  d-glucose,  d-mannose  and  d-fructose,  which  result, 
according  to  Nef ,  from  the  formation  of  1-2,  and  2-3  d-glucose  dienols, 
the  H  and  OH  groups  on  the  second  and  third  carbon  atoms  being 
thereby  rendered  mobile.  In  moderately  dilute  alkali  the  carbon  chain 
is  however  not  split  (147). 

With  stronger  alkali,  however,'there  takes  place,  besides  the  rearrange- 
ments above  mentioned,  very  extensive  disruption  of  the  molecule  and 
the  formation  of  more  than  a  hundred  different  substances  (]  47) .  The 
hexoses  split  into  a,  formaldehyde  and  aldopentose  (123);  h,  dioses  and 
aldo  tetroses;  and  c,  two  trioses,  by  the  intermediate  formation  of 
1-2,  2-3  and  3-4  hexose  dienols,  and  their  spontaneous  decomposition. 

HCOH  HjCOH      HjCOH 

COH        C  OH  H  COH 

HOC  H  HOC  HOC 

H  C  OH  H  C  OH       C  OH 

H  C  OH  H  C  OH  H  C  OH 

H,C  OH     H,C  OH    H  C  OH 

1-2  2-3  3-4 

d  —  glucose  dj-enola 

Nc'f  and  hi.v  \>\\\>\\^  (7'),  147, 187, 192)  isolated  from  alkalinosugarsolu- 
tiona  product  H  of  «  .k  h  typo  of  docoiniMwitioii,  though  there  is  reason 
to  believe  that  the  split  into  throe  carbon  fragments  is  quantitatively 
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the  predominant  reaction,  and  that  the  single  carbon  methylene  disso- 
ciation is  very  slight  (unless  oxidation  occurs) .  The  products  formed 
by  the  splitting  of  the  dienols  are  very  unstable  and  reactive  substances. 
In  the  absence  of  oxygen  they  form  salts  and  polymerize  to  sugar 
resins  or  undergo  an  internal  Cannizzaro  rearrangement  with  the 
irreversible  formation  of  "saccharinic  acids,"  of  which  lactic  acid  is 
quantitatively  the  most  important  (147  d).  But  in  the  presence  of 
abundant  oxygen  the  "dissociation  products"  are  oxidized  and  neither 
resins  nor  saccharinic  acids  (lactic)  are  formed. 

This  behavior  of  glucose  in  alkaline  solution  must  be  of  the  greatest 
importance  to  an  understanding  of  the  course  of  its  breakdown  in  living 
cells,  since  there  are  very  striking  similarities  in  the  reactions  under 
the  two  conditions  (200) ,  In  the  test  tube  glucose  is  quite  inert  toward 
oxygen  until  its  molecule  is  opened  up  by  the  action  of  alkali  and  con- 
verted into  other  very  unstable  and  easily  oxidizable  substances;  and 
in  the  animal  body  it  is  likewise  altogether  resistant  to  oxidation  unless 
a  combination  of  agencies,  among  which  is  the  action  of  a  pancreas 
hormone,  converts  it  into  reactive  fragments  whose  identity  remains 
unknown.  Whatever  the  reactive  derivatives  may  prove  to  be,  whether 
formed  by  alkali  in  the  test  tube,  or  by  biochemical  agencies  in  the  cells 
of  the  body,  they  are  in  both  cases  converted  into  the  same  substance, 
lactic  acid,  unless  they  are  first  oxidized.  Lactic  acid  is  thus  the  chief 
product  of  the  anerobic  catabolism  of  glucose,  alike  in  cells  and  in  vitro, 
and  a  knowledge  of  the  unstable  derivatives  of  glucose  which  are  pre- 
cursors of  lactic  acid  is  fundamental  to  an  understanding  of  glucose 
metabolism. 

The  formation  of  lactic  and  other  acids  from  sugars  by  the  action  of 
strong  alkali,  discovered  by  Hoppe-Seyler  (94)  has  been  studied  by 
many  workers  (Kiliani  (104),  Buchner  and  Meisenheimer  (15), 
Meisenheimer  (140),  Nef  (147),  Framm  (65),  Upson  (192),  M.  Oppen- 
heimer  (159)  and  the  quantitative  yield  has  been  reinvestigated  recently 
in  the  writer's  laboratory  by  T.  E.  Friedemann  (66). 

When  warmed  or  allowed  to  stand  in  an  excess  of  0.2  to  1.  "N  sodium 
or  potassium  hydroxide  each  molecule  of  glucose  forms  a  total  of  about 
1.6  molecules  of  (mono-basic)  acids  of  which  about  one-half  is  lactic 
acid,  very  small  amounts  of  CO2  and  formic,  and  the  rest,  non  volatile 
ether-insoluble ' '  saccharinic  acids' '  ( 140, 1 58, 66) .  The  maximum  yield 
of  lactic  acid  corresponds  to  slightly  less  than  one  molecule  from  each 
molecule  of  glucose,  which  suggests  that  the  main  dissociation  is  into 
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two  3-carboii  fragments,  only  one  of  which  in  the  test  tube  is  converted 
into  lactic  acid.^ 

The  main  initial  products  are  probably  glyceric  aldehyde  or  di- 
hydroxy  acetone,  formed  by  splitting  of  a  3-4  di-enol,  half  of  which  is 
transformed  by  loss  and  addition  of  water  into  methyl  glyoxal,  which 
is  known  to  be  immediately  and  completely  converted  by  alkali  into 
lactic  acid  (33).  This  interpretation  of  the  course  of  the  reaction  is 
based  upon  the  facts,  1,  that  glyceric  aldehyde  and  di-hydroxy  ace- 
tone give,  when  acted  upon  by  alkali,  the  same  amount  of  total  acids 

TABLE  1 
The  action  of  alkali  on  glucose,  glyceric  aldehyde  and  glycol  aldehyde:  alkali  "disso- 
ciation", with  suhscfiuent  and  simultaneous  oxidation  bi/  hydrogen  peroxide  {T.  E. 
Friedemann) 


TBXATMEMT 


"Dissociation" 
alkali 


by 


"Dissociation"  fol- 
lowed by  oxidation 
by  H2OJ. 

Simultaneous  "  d  is- 
Bociation"  and 
oxidation 

Untreated 


1  mol  glucose 

2  mola  glyceric  aldehyde 

3  mols  glycol  aldehyde 

1  mol  glucose 

2  mols  glyceric  aldehyde 

3  mols  glycoUic  aldehyde 

1  mols  glucose 

2  mols  glyceric  aldehyde 

3  mols  glycol  aldehyde 

1  mol  glucose 


TOTAL 

LACTIC 

FORMIC 

ACID 

ACID 

ACID 

ce.N 

mol*. 

molh. 

1.6 

0.8 

0.09 

1.5 

0.8 

1.45 

0.6 

2.2 

0.8 

0.5 

2.55 

2.1 

5.0 

0 

4.0 

5.8 

0 

5.6 

5.7 

0 

5.4 

OX>LIC 
ACID 

(apteb 

OXIDA- 
TION BY 
ALKA- 
LINE 

KMnOj) 


1.8 
1.8 
1.8 

1.6 


0.8 
0.09 


3.0 


and  of  lactic  acid,  as  docs  glucose  (158,  60)  and  2,  that  methyl  glyoxal 
may  be  detected  among  the  products  formed  from  glucose  by  the 
action   of  alkali.     Pinkus   (167),    Nef   (147),   Neuberg   and    Oertel, 

'  Tho  name  inforcnccj  can  bo  drawn  from  the  amount  of  oxalic  acid  formed  by 
oxidation  with  alkiilino  permanganate.  When  oxidized  before  "dlHsopijition" 
tho  G-rarbon  chain  of  kIucomo  yioUlH  3  molcculoM  of  oxalic  acid,  while;  if  oxidized 
by  KMn()«  after  disMociation  by  alkali,  Hiightly  Iohh  than  2  molecules  of  oxalic  are 
obtained,  ono  fromoaoh  3  carbon  fragnirnt  (itee  tables). 

Although  with  alkali  tho  maximunt  of  lactic  aci<l  corrcHponds  to  only  ono  half 
theearbonof  glucoM,  tho  convention  in  tho  animal  body  iH  believed  to  bo  complete. 
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Windaus  and  Knoop  (194),  Dakin  and  Dudley  (26),  Fernbach  and 
Schoen  (58). 

In  the  accompanying  table  are  given  some  results  obtained  by  T.  E. 
Friedemann  which  show  that  the  amounts  of  total  acids  and  of  lactic 
acid  from  the  alkali  dissociation  of  glyceric  aldehyde,  and  indeed  of 
glycol  aldehyde,^  are  almost  identical  with  those  of  glucose. 

It  appears,  therefore,  that  in  half  normal  alkali  and  in  the  absence 
of  oxygen,  the  dominant  decomposition  of  glucose  is: 

glucose  (3-4dienol)      dih^ljio'xt  a'cit n^  lactic  acid 

H    C  =  O  H    C    OH  H2  C    OH.  ^^'  9^» 

C    OH         H    C    OH  H  C    OH  C  =  O        HC 


H 
HO 


CH         HOC  HC=0 


HC  OH 
HC  =  O  C  O  O  H 


[      11      other  saccharinic  acids 


H    C    OH  C    OH  H   C  =  O  and  resins. 

I  I  1 

H    C    OH         H    C    OH  H  C  -  OH 

H2C    OH  HjC    OH  H2C    OH 

Wohl  (199)  has  suggested  a  slightly  different  course  with  the  forma- 
tion of  methyl  glyoxal  glyceric  aldehyde  aldol,  which  then  splits  to  3- 
caibon  fragments. 

The  oxidation  of  glucose  in  alkaline  solution  takes  a  different  course 
from  that  outlined  above.  It  has  already  been  noted  that  the  oxida- 
tion is  not  by  way  of  lactic  acid,  but  takes  place  before  lactic  acid  is 
formed.  If  directly  oxidized  by  hydrogen  peroxide  in  alkaline  solu- 
tion, glucose  yields  no  lactic  acid,  but  4  molecules  of  formic  acid  and  1 
of  glycollic  acid  (66);  but  if  first  dissociated  by  alkali  the  lactic  acid 
formed  is  not  oxidized  by  subsequent  treatment  with  alkali  (see  table  1). 
Which  of  the  precursors  of  lactic  acid  is  the  starting  point  of  glucose 
oxidation  in  alkaline  solutions?  The  following  facts  appear  to  indicate 
that  it  is  not  methyl  glyoxal  but  a  still  earlier  derivative. 

2  The  fact  that  3  molecules  of  the  two-carbon  glycol  aldehyde  when  treated  with 
alkali  form  nearly  as  much  lactic  acid  as  one  molecule  of  glucose  or  two  of  glyceric 
aldehyde  is  additional  evidence  of  the  polymerization  of  sugars  long  known  to  take 
place  in  alkaline  solution  (16),  (126),  (59). 

Evidently  the  glycol  aldehyde  is  in  large  part  condensed  to  tetrose  or  hexose 
which  then  dissociates  into  three-carbon  fragments;  and  this  type  of  reaction 
illustrates  the  processes  involved  in  the  formation  of  glucose  (and  lactic  acid) 
from  the  derivative  of  glycine  in  the  body. 
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The  conversion  of  methyl  glyoxal  to  lactic  acid  in  alkaline  spliition 
is  almost  instantaneous,  far  more  rapid  than  the  rate  of  lactic  acid 
production  from  glucose.  The  rate  of  lactic  acid  production  is,  there- 
fore, not  limited  by  the  rate  of  formation  of  methyl  glyoxal  but  by 
earlier  reactions.  But  the  rate  of  glucose  decomposition  is  markedly 
increased  hy  oxygen  (65).  Judged  by  total  acid  production,  loss  of 
optical  activity,  or  loss  of  reducing  power,  the  reaction  is  practically 
complete  in  0.5N  KOH  and  H2O2  at  37°C.  in  4  hours,  while  the  same 
relative  stage  in  the  reaction  without  peroxide  is  reached  only  after 
16  hours  (66).  The  increase  in  rate  caused  by  oxygen  must  be  due  to 
the  oxidation  of  an  earlier  derivative  and  one  formed  much  more  rapidly 
than  methyl  glyoxal. 

There  is  evidence  also  to  suggest  that  the  oxidation  begins  at  a  point 
even  before  glyceric  aldehyde.  Friedemann's  results  (see  table  1) 
show  that  while  the  end-products  of  dissociation  by  alkali  are  substan- 
tially the  same  for  glucose  and  for  glyceric  aldehyde,  the  products  of 
simultaneous  oxidation  and  dissociation  are  different,  in  that  glyceric 
aldehyde  gives  more  formic  acid  and  little  or  no  glycollic  acid  (oxalic) 
compared  with  0.8  molecule  of  glycollic  (oxalic)  acid  from  glucose. 
This  difference  suggests  that  in  spite  of  the  fact  that  alkali  dissociation 
gives  the  same  products,  the  starting  points  of  oxidation  are  different. 
This  can  only  mean  that  in  the  main,  the  glucose  derivative  which  is 
oxidized  is  before  the  stage  of  glyceric  aldehyde. 

That  glucose  itself  is  not  directly  oxidized  is  shown  by  an  initial 
lag  in  the  reaction,  during  which  period  some  transformation  is  doubt- 
less taking  place;  furthermore,  by  direct  oxidation  of  glucose,  the  first 
product  would  be  gluconic  acid,  which  is  not  formed.  We  arc  thus 
left  with  the  notion  that  oxidation  begins  with  some  intermediate 
between  glucose  and  glyceric  aldehyde.  There  appears  to  be  no  clear 
evidence  aa  to  what  this  intermediate  may  be,  though  we  may  recall 
the  conceptions  of  Nef  (147)  and  of  W.  Lob  (123)  that  single  carbon 
•'  Hients  arc  progressively  split  off  from  1-2  di-onols  (Nef,  "Hydroxy 
hylene  dissociation")  and  it  may  be  imagined  that  the  removal  of 
these  fragments  by  oxidation  diverts  the  reaction  from  the  otherwise 
predominating  formation  of  3-4  di-(»n()lH  and  their  splitting  to  triosos. 
Or  it  may  be  supposed  that  the  1-2  dicnols  (7-glucoso?)  are  oxidized 
through  the  stage  of  the  corresponding  osones. 

According  to  W.  lJ)h  and  Reysol  (123),  and  Witzemann  (108),  ])hos- 
phates  accelerate  the  oxidation  by  H|Oj  even  at  very  low  alkalinity 
(at  which  reaction  lactic  acid  fonnation  docs  not  occur).     Experiments 
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by  Harden  and  Henley  (81)  lead  them  to  question  whether  the  action 
is  specific,  but  in  view  of  the  possible  similarity  of  this  in  vitro  effect 
of  phosphates  to  their  specific  effect  in  yeast  fermentation  and  in  the 
formation  of  lactic  acid  in  muscle,  the  subject  merits  more  thorough 
investigation. 

Although  the  exact  identity  of  the  first  oxidizable  derivative  of 
glucose  must  be  left  undecided,  there  appears  to  be  no  escape  from  the 
conclusion  that  in  alkaline  solution  oxidation  begins  at  the  early  stages 
of  dissociation  and  before  the  molecule  is  split  into  3-carbon  fragments. 
If  this  view  is  correct,  it  is  of  interest  in  connection  with  the  question 
whether  the  main  path  of  oxidation  in  the  body  has  its  beginning  with 
a  derivative  before  or  after  the  formation  of  lactic  acid  and  its  3-carbon 
precursors. 

The  reactions  from  glucose  to  lactic  acid  may  be  regarded  as  reversible. 
Although  in  alkaline  solution  lactic  acid  is  not  converted  to  methyl 
glyoxal,  Dakin  (26)  shows  that  this  does  occur  in  acid  solutions.  When 
allowed  to  stand  with  p-nitrophenyl  hydrazine,  the  osazone  of  methyl 
glyoxal  is  precipitated.  The  in  vitro  synthesis  of  hexose  from  glycerose 
is  established  by  the  well  known  work  of  Fischer.  The  conversion  of 
methyl  glyoxal  to  triose  has  not  been  observed  in  vitro,  but  the  trans- 
formation of  methyl  glyoxal  (26)  as  well  as  of  lactic  acid  (26),  (134)  and 
glyceric  aldehyde  (177),  to  glucose  is  known  to  take  place  in  the  body. 

The  predominating  reactions  in  the  decomposition  of  glucose  and 
its  oxidation  in  alkaline  solution  may  be  represented  in  outline  as  follows. 
Besides  the  steps  indicated,  there  are  other  dissociations  and  polymeri- 
zations, details  of  which  are  less  well  known. 

Glucose   — >   Methylene  fragments    — >    ?    O2    Formic  acid 

1 

I 

Enolization — O2    — >  osones  (?)    >    ?    Oj    Formic  acid 

r  and  glycollic 

("Dissociation")  acid. 


^Glyceric  aldehyde   ^ 

^     1 

^Dihydroxy  acetone  ^ 

Methyl  glyoxal 
1 

I 
Lactic  acid. 
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The  reversible  conversion,  glucose -^ — ^lactic  acid  in  the 
BODY.  The  belief  that  lactic  acid,  (the  presence  of  which  in  muscle  was 
discovered  by  Berzelius),  has  its  origin  in  carbohydrate  was  expressed 
by  Liebig  in  1847  (121),  who  formulated  the  view  that  sugar  is  converted 
in  the  blood  into  lactic  acid  which  is  oxidized  as  fast  as  formed,  except 
where  oxygen  is  lacking.  Ever  since  that  time  lactic  acid  has  been 
associated  with  muscular  contraction,  and  the  work  of  Du  Bois  Rey- 
mond,  of  Nasse  and  others  clearly  pointed  to  glycogen  as  its  source. 
The  evidence  was  reviewed  by  Nasse  in  1879  (146)  with  the  conclusion 
that  the  source  of  the  lactic  acid  in  muscle  is,  directly  or  indirectly,  gly- 
cogen, which  during  contraction  or  in  rigor  is  converted  bya"spalt- 
ungsprocess"  and  not  by  oxidation,  into  sugar  and  lactic  acid  with 
the  evolution  of  heat  and  work. 

Although  the  methods  used  in  the  earlier  investigations  are,  accord- 
ing to  present  standards,  open  to  question  and  the  reliability  of  the 
analjiiical  results  scarcely  justified  the  conclusions,  it  is  of  interest 
to  note  that  after  a  period  of  doubt  as  to  the  origin  of  lactic  acid,  the 
most  modern  view  has  returned  to  the  early  conception.  There  is  no 
longer  question  that  lactic  acid  of  muscle  is  formed  from  glucose  or 
glycogen,  though  the  search  continues  for  the  unstable  intermediate. 
Hermann's  "inogen"  has  been  abandoned,  only  to  be  replaced  by 
Embden's  "lactacidogen." 

The  close  relation  of  lactic  acid  to  carbohydrates  was  early  indicated 
by  its  formation  from  sugar  by  fermentation  (the  inactive  acid),  and 
was  greatly  strengthened  by  the  discovery  of  Hoppe-Seyler  (94)  al- 
ready referred  to  that  large  amounts  of  this  acid  are  formed  by  the  action 
of  strong  alkali  on  glucose  and  many  other  sugars.  Hoppc-Scyler 
realized  that  the  formation  of  lactic  acid  by  the  action  of  alkali  occurs 
in  the  absence  of  oxidation,  a  point  of  view  which  led  to  later  work  in 
his  laboratory  by  Araki  (3),  (4)  and  Zillesson  (202)  who  showed  that 
the  excretion  of  lactic  acid  is  the  result  of  asphyxia.  Araki  found  lactic 
acid  and  sugar  in  the  urine  of  animals  when  asphyxiated  or  poisoned 
with  subHtances  (('O,  morphine,  IK'N,  strychnine,  phosphorus,  ar- 
senic) which  were  believed  to  j)rotluco  tissue  asphyxia  and  concluded 
that  the  origin  of  the  lactic  acid  was  glycogen. 

The  formation  of  lactic  acid  from  glucose  in  the  whole  body  was  also 
indicat(*d  by  Mandcl  and  Lusk  (I'M)  who  found  the  acid  excreted  by 
dogs  poisoned  with  phoHpliorus  to  disappiMir  frotn  the  urine  after  ad- 
ministration of  phlorhizin  and  resulting  glycosuria.  Later  Von  Fih'th 
(71)  showed  that  ft'cding  glucose  to  phoHphorus  poisoned  rabbits  in- 
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creased  the  lactic  acid  excretion,  while  the  previous  removal  of  glyco- 
gen reserves  prevented  a  lactic  acid  excretion  which  otherwise  resulted 
on  exposure  to  cold  (72).  Similarly  Sass  (179)  found  that  strychnine 
convulsions  in  depancreatized  dogs  produces  less  change  in  blood 
alkalinity  (due  to  less  formation  of  lactic  acid)  than  in  normal  dogs. 

The  reverse  transformation,  lactic  acid  — >  glucose  was  demonstrated 
by  Lusk  and  Mandel  (134)  and  by  Embden  and  Salomon  (57)  to 
occur  when  lactic  acid  is  fed  to  phlorhizinized  and  depancreatized  dogs. 
Under  these  conditions  the  conversion  is  believed  to  be  quantitative, 
two  molecules  of  lactic  acid  giving  one  of  glucose.  It  may  therefore 
be  concluded  that  the  animal  body  readily  accomplishes  the  conversion 

glucose^ ^lactic  acid,  in  both  directions;  and  it  has  been  shown  that 

the  same  reactions  occur  in  isolated  surviving  tissues,  muscle,  liver, 
kidney  and  blood. 

Muscle.  Representing  not  only  the  largest  single  fraction  of  body 
substance,  but  the  tissue  for  the  performance  of  mechanical  work, 
the  greater  part  of  carbohydrate  metabolism  occurs  in  muscle;  and 
lactic  acid  is  the  agent  through  which  the  energy  of  glucose  is  transformed 
into  heat  and  the  work  done  by  muscular  contraction.  The  notable 
recent  developments  in  knowledge  of  the  mechanism  of  muscular  con- 
traction and  of  its  energy  conversion  have  been  ably  reviewed  by  A.  V. 
Hill  (87)  in  these  Reviews  and  we  shall  mention  only  briefly  the  more 
important  work  bearing  upon  the  source  and  fate  of  lactic  acid. 

Fletcher  and  Hopkins  in  1907  (63)  showed  that  in  the  freshly  excised 
resting  frog  muscle  the  amount  of  lactic  acid  is  small,  but  gradually 
increases,  under  anerobic  conditions,  as  long  as  irritability  remains. 
When  exposed  to  oxygen  lactic  acid  is  not  formed.  As  a  result  of  stimu- 
lation, heating,  mechanical  or  chemical  injury,  the  rate  of  lactic  acid 
production  is  enormously  increased.  After  accumulating  lactic  acid 
in  an  atmosphere  of  hydrogen  a  large  part  of  the  acid  disappears  on 
exposure  to  oxygen.  This  "oxidative  removal"  of  lactic  acid  did  not 
take  place  after  hashing  or  other  injury  of  the  muscle,  and  the  authors 
concluded  that  the  oxidation  process  is  not  the  result  of  simple  chemi- 
cal reaction  but  is  dependent  upon  the  events  of  the  normal  life  of  the 
muscle.  The  source  of  the  lactic  acid  and  its  fate  on  oxidative  removal 
were  not  considered  by  Fletcher  and  Hopkins,  except  to  suggest  that 
the  amount  formed  is  "quite  out  of  proportion  to  its  glycogen  content." 

From  an  analysis  of  the  time  relations  of  heat  liberation  during  and 
following  muscle  contraction.  Hill  (83),  (87)  showed  that  the  initial 
rapid  heat  production  is  the  same  under  anerobic  and  aerobic  conditions 


410  PHILIP   A.    SHAFFER 

thus  indicating  that  oxidation  is  not  concerned  with  the  act  of  contrac- 
tion during  which  lactic  acid  is  formed.  In  the  absence  of  oxygen  the 
lactic  acid  persists  and  there  is  no  further  (or  a  small)  heat  production; 
but  in  the  'presence  of  oxygen,  the  lactic  acid  disappears  during  the 
recovery  phase  following  contraction,  with  a  simultaneous  liberation 
of  heat.  The  fmmation  of  lactic  acid  in  muscle  is  therefore  a  very  rapid 
process  taking  place  in  the  absence  of  oxygen  and  without  the  liberation  of 
much  heat,  and  it  is  during  the  removal  of  the  lactic  acid  that  oxygen  is  con- 
sumed, heat  liberated,  and  the  greater  part  of  the  oxidation  occurs.  It 
seemed  probable  that  the  lactic  acid  was  oxidized  (163),  though  Hill 
found  the  total  heat  evolved  was  sufficient  to  account  for  only  about 
one-fourth  the  lactic  acid  which  disappeared  and  its  fate  was  therefore 
doubtful. 

In  1911  Fletcher  (62)  reinvestigated  the  formation  of  lactic  acid 
during  autolysis  of  hashed  muscle  preserved  with  chloroform  water 
and  toluol,  under  which  conditions  a  number  of  workers  (143),  (103), 
(174),  (97)  had  observed  a  continued  production  of  lactic  acid  to  occur. 
Fletcher  found  with  mammalian  muscle  a  rapid  production  during 
the  process  of  hashing  and  that  little  or  no  further  increase  occur- 
red on  autolysis  with  antiseptics  unless  the  preparations  became 
contaminated  with  bacteria.  He  was  unable  to  obtain  any  increase 
of  lactic  acid  on  the  addition  of  glucose  or  glycogen  and  concluded  that 
the  results  of  Ransom  (168)  as  well  as  of  Stocklasa  (188)  who  claimed  a 
fermentation  of  glucose  by  muscle  and  other  tissues,  with  the  formation 
of  lactic  acid,  CO2  and  alcohol,  were  erroneous  and  probably  due  to 
bacterial  action.  According  to  Fletcher,  there  was  no  "glycolytic" 
formation  of  lactic  acid  in  muscle,  it  being  probably  derived  from 
some  other  "specific  unstable  precursory  material"  the  amount  of 
which  is  determined  by  "previous  intra-cellular  events." 

A  similar  opinion  was  expressed  by  Embdcn,  KalbcMJah  and  Engol 
(49)  who  found  that  muscle  press  juice,  prepared  from  frozen  dog 
muscle,  (and  containing  at  the  start  almost  a  maximum  of  lactic  acid) 
showed  a  further  slight  but  distinct  increase  in  lactic  acid  on  incubation 
for  one  hour.  The  maximum  increase  of  lactic  acid  was  attained  within 
30  minutes,  was  favored  by  the  addition  of  sodium  bicarbonate,  and  was 
wholly  inhibited  by  acid  (105).  Since  added  glucose  or  glycogcMi  wore 
not  converted  to  lactic  acid  Embden  and  collaborators  believed  that 
their  results  excluded  direct  relationship  between  lactic  acid  and  car- 
bohydrate, and  that  tlic  prccurnor  must  be  some  other  unknown  sub- 
stance which  tbcy  termed  "lactacidogen." 
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Brief  mention  may  be  made  at  this  point  of  the  interesting  investi- 
gations which  have  grown  out  of  the  discovery  of  "lactacidogen," — 
an  adequate  account  would  carry  us  beyond  the  bounds  of  this  paper. 
For  a  review  see  E,  Schmitz  (181).  Following  the  observation  of 
Embden,  Griesbach  and  Schmitz  (46)  that  an  approximately  equimolec- 
ular  increase  of  inorganic  phosphate  accompanies  the  formation  of 
lactic  acid  in  muscle  juice,  and  that  added  hexose  phosphate  led  to  an 
increase  of  lactic  acid,  it  was  concluded  that  "lactacidogen"  is  a  hexose 
phosphate,  and  Embden  and  Laquer  (51),  (52)  isolated  from  muscle 
an  osazone  identical  with  that  of  hexose  phosphoric  acid  previously 
isolated  from  yeast  by  Lebedew  (113)  and  Young,  Embden,  Schmitz 
and  Meincke  (55)  confirm  the  parallel  between  lactic  and  phosphoric 
acid  formation  in  dog  and  rabbit  muscle  and  find  that  food  has  little 
influence  on  the  amount  of  "  lactacidogen."  Even  fasting  and  admini- 
stration of  phlorhizin  cause  no  decrease,  though  a  decrease  is  observed 
in  muscles  o^  phlorhizinized  dogs  after  strychnine  convulsions.  In 
accord  with  their  conclusion  that  ''lactacidogen"  is  the  "Tatigkeit- 
substanz"  of  striated  muscle,  an  increase  of  muscular  power  is  claimed 
to  result  from  the  ingestion  of  sodium  phosphate  (44)  and  an  increased 
urinary  excretion  of  phosphate  is  observed  a  few  hours  after  exercise 
(43).  The  amount  of  organic  (lactacidogen)  phosphate  has  been 
determined  in  various  muscles  of  different  species  (20),  (21),  (22), 
(40),  (1),  (2),  (130),  (160),  (193),  in  relation  to  muscular  activity.  A 
few  reports  have  even  appeared  concerning  therapeutic  results  with 
sodium  phosphate,  its  use  being  suggested  by  the  work  of  Embden  and 
his  co-workers  (cited  in  (181)). 

It  appears  to  be  established  that  phosphoric  acid  is  intimately  con- 
cerned with  lactic  acid  production  in  muscle,  and  with  muscular  con- 
tration.  In  the  form  of  "lactacidogen"  it  is  doubtless  a  component  of 
a  precursor  of  lactic  acid,  though  the  first  product  may  be  methyl 
glyoxal.  And  if  the  view  be  correct  that  glucose  oxidation  takes  place 
via  lactic  acid,  phosphoric  acid  is  equally  concerned  with  carbohydrate 
metabohsm.  This  is  the  view  of  Neuberg  (152),  Embden  (39),  Hopkins 
(93)  and  others.  The  fact,  however,  that  the  "lactacidogen"  content 
of  muscles,  according  to  Embden,  bears  no  relation  to  diet  and  therefore 
to  the  rate  of  glucose  combustion,  suggests  caution  in  adopting  the 
belief  that  it  is  concerned  with  the  oxidation  of  carbohydrate. 

Returning  to  the  question  of  the  ultinate  origin  of  lactic  acid  in 
muscle,  Laquer  (111)  showed  that  the  "acid  maximum"  is  self  limited 
by  its  own  acidity,  and  that  when  suspended  in  bicarbonate  or  phosphate 


412  PHILIP   A.    SHAFFER 

solutions,  frog  muscle  at  30°C.  forms  lactic  acid  from  added  glucose  as 
well  as  glj'cogen,  while  at  45^C.  only  glycogen  and  hexose  phosphate 
give  rise  to  lactic  acid.  After  repeated  freezing  in  liquid  air  the  power 
to  convert  glucose,  fructose,  mannose,  sorbose  and  maltose  to  lactic 
acid  is  lost,  though  a  formation  of  acid  from  glycogen  or  hexose  phosphate 
may  be  retained.  The  precursor  is  therefore  not  glucose  or  any  of  the 
other  sugars  mentioned,  but  is  some  other  reactive  form,  available  from 
glycogen,  and  into  which  glucose  must  be  transformed  before  it  can 
give  rise  to  hexose  phosphate  and  lactic  acid  (111),  (112).  According 
to  these  results  the  most  sensitive  stage  of  the  reactions  between  glu- 
cose and  lactic  acid — the  stage  which  is  first  lost — is  the  conversion  of 
glucose  to  some  active  form  related  to  glycogen,  rather  than  the  later 
stages  of  the  reactions.  It  will  be  recalled  that  evidence  has  been  cited 
which  indicates  that  it  is  an  early  stage  of  glucose  transformation 
which  is  lacking  in  diabetes. 

In  a  series  of  ver}^  skilful  investigations,  Meyerhof  (141)  has  proved 
that,  when  suspended  in  disodium  phosphate  solution,  frog  muscle,  in 
an  atmosphere  of  hydrogen,  may  convert  nearly  all  of  its  glycogen  and 
lower  carbohydrate  into  lactic  acid.  He  finds  close  agreement  between 
the  amount  of  total  glucose  which  disappears  and  of  lactic  acid  formed. 
The  addition  to  chopped  muscle  of  hexose  phosphate,  glycogen,  glucose 
and  other  hexoses  does  not  increase  the  rate  of  lactic  acid  formation, 
but  when  added  at  a  time  when  the  muscle  carbohydrate  has  been 
used  up,  additional  lactic  acid  is  formed  unless  the  properties  of  the 
living  tissues  are  too  far  destroyed.  The  conversion  takes  place  not 
by  an  autolytic  process  but  by  a  continuation  of  the  "vitalen  Stoff- 
wechsels,"  and  while  rtiis  continues  glycogen  and  hexose  phosphate  are 
not  superior  to  glucose. 

More  remarkable  than  the  proof  of  the  origin  of  lactic  acid  is  the 
discovery  by  Meyerhof  that  the  fate  of  the  lactic  acid,  shown  by 
Fletcher  and  Hopkins  to  disappear  when  the  muscle  is  exposed  to 
oxygen  (oxidative  removal),  is,  chiefly,  its  conversion  to  (jlycogen.  This 
has  been  confirmed  by  Foster  and  Moyle  (04)  in  Hopkins'  laboratory. 
On  repeating  the  experiments  of  Parnas  who  found  that  the  amount 
of  oxygen  absorbed  during  oxidative  recovery  was  suffiinont  to 
oxidize  all  of  the  lactic  acid,  Meyerhof  (141)  showed  that  the  oxygen 
absorption  could  account  for  the  oxidation  of  only  oni^-fourth  of  the 
acid  which  disappeared.  Furthermore,  he  finds,  in  conlirmation  of  Hill, 
that  the  heat  evolved  during  contraction  and  recovery  amounts  to 
about  900  calorieH  for  1  gnun  of  lactic  acid  formed  and  nMiioved,  an 
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amount  which  corresponds  with  the  heat  of  combustion  of  ^  of  1  gram  of 
lactic  acid  (or  of  glucose  or  glycogen).  Meyerhof,  therefore,  concludes 
that  the  chemical  reaction  for  the  burning  of  a  glucose  molecule  in 
muscle  may  be  written  as  follows. 

I.    Anoxidative  phase 

5/n  (CeHioOfi)!!  +  5  H2O    ->    5  CeHnOt    -^    1  CRuO,  +  8  CHeO, 
glycogen  glucose  glucose        lactic  acid 

II.    Oxidative  phase 

1  CeHiaOe  +  8  CjHeOa  +  6  O2     ->     6  CO2  +  6  H2O  +  4  CeHuOj     -» 

6  CO2  +  10  H2O  +  4/n  (CeHioOj)!! 

Four  molecules  of  glucose  are  converted  to  8  molecules  of  lactic  acid 
and  back  again  to  glycogen,  with  the  simultaneous  combustion  of  1 
molecule  of  glucose,  to  furnish  the  energy  needed  for  the  transformation. 
Whether  it  is  actually  glucose  which  is  burned  or  some  of  the  lactic 
acid,  Meyerhof  leaves  undecided.  But  his  results  appear  to  prove 
that  the  fate  of  the  greater  part  of  the  lactic  acid  is  not  oxidation,  but 
conversion  to  glucose  or  glycogen;  and  the  idea  conveyed  by  his  equa- 
tion is  that  all  of  the  lactic  acid  is  so  converted,  the  heat  being  formed 
by  the  oxidation  of  glucose.  This  is  a  very  fundamental  point,  for  if  all 
of  the  lactic  acid  formed  be  reconverted  to  glucose,  lactic  acid  would  not 
he  a  stage  in  the  path  of  glucose  oxidation  in  muscle.  Meyerhof  finds 
that  the  ratio  of  total  lactic  acid  which  disappears,  to  extra  heat  evolved 
or  oxygen  absorbed  corresponds  to  4  molecules  disappearing:  1  mole- 
cule oxidized.  Hartree  and  Hill  (83)  find  ratios  from  4.9:1  to  6:1. 
Oxygen  is  essential  to  the  disappearance  of  the  lactic  acid  but  at  most 
only  1  out  of  4  or  6  molecules  can  be  oxidized,  the  rest  reappearing  as 
glycogen  or  glucose.  In  spite  of  oxidation  (and  only  in  the  presence 
of  oxj'gen)  the  predominant  reaction  is  the  formation  of  glycogen,  which 
if  it  occur  via  triose,  does  not  involve  oxidation.  It  appears  to  be  a  very 
paradoxical  situation.  The  course  of  the  reactions  is  not  established 
and  their  mechanism  is  wholly  unknown.  It  is  referred  to  by  Embden 
(47,  p.  143),  Parnas  (163)  and  Meyerhof  as  a  "  coupled  reaction"  by  which 
the  lactic  acid  is  converted  to  glycogen  at  the  expense  of  energy  derived 
from  the  oxidation  of  a  common  intermediate — lactic  acid  or  glucose 
or  perhaps  of  other  substance.  Hill  appears  to  regard  lactic  acid  as  the 
substance  oxidized  (83),  and  with  Lupton  (88)  has  recently  reported 
very  interesting  studies  of  the  relation  of  lactic  acid  formation  and  its 
oxidation  to  muscular  work  and  efficiency  in  man.  Perhaps  the  follow- 
ing may  be  considered  among  the  possibilities. 
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1 .  The  reconversion  (via  triose)  of  three-fourths  to  five-sixths  of  the 
lactic  acid  to  glucose  and  the  simultaneous  oxidation  of  the  remainder 
(via  pyruvic  acid)  to  CO2,  by  a  "coupled  reaction"  (83),  (141).  How 
the  oxidation  could  facilitate  the  conversion  of  lactic  acid  to  glucose  is 
not  evident.  It  is  perhaps  conceivable  that  it  may  result  from  local 
change  in  hydrogen  ion  concentration.  An  alkaline  reaction  appears 
to  favor  lactic  acid  formation,  and  acid  to  hinder  or  limit  it. 

2.  The  reconversion  of  all  of  the  lactic  acid  to  glucose  or  glycogen, 
with  the  simultaneous  oxidation  of  glucose  or  a  derivative,  (or  of  fat 
or  other  substance). 

3.  The  oxidation  of  the  whole  of  the  lactic  acid  via  pyruvic  acid, 
acetic  aldehyde,  and  CO2,  the  acetic  aldehyde  being  converted  to  glu- 
cose. This  is  perhaps  less  probable,  since  it  would  account  for  the  con- 
version of  only  two-thirds  of  the  carbon  to  glucose  and  one  third  to 
CO2,  corresponding  to  a  ratio  of  lactic  acid  disappearing:  oxidized,  of 
3:1  instead  of  4:1  or  6:1.  Furthermore  the  evidence  is  conflicting 
as  to  whether  acetic  aldehyde  is  convertible  into  glucose  in  the  body. 
Another  route,  via  glyceric  acid  and  glycol  aldehyde  has  been  suggested 
(165).  The  direct  oxidation  of  lactic  acid  will  be  considered  again  in 
a  later  section. 

Blood  and  kidney  tissue.  There  is  clear  evidence  that  the  trans- 
formation of  glucose  to  lactic  acid  takes  place  also  in  the  blood,  the 
kidney  and  the  liver  as  well  as  in  muscle;  and  it  is  probable  that  the 
reaction  may  take  place  wherever  glucose  is  metabolized.  In  1877 
Spiro  found  lactic  acid  in  blood  (186).  Levene  and  Meyer  (115) 
showed  that  sterile  leucocytes  suspended  in  phosphate  solution  convert 
added  glucose  into  d-lactic  acid.  Although  the  amount  of  lactic  acid 
formed  was  less  than  the  amount  of  glucose  which  had  disai)i)oarcd,  later 
experiments  indicated  no  evidence  of  oxidation.  Dilution  with  water, 
or  the  presence  of  toluol  prevented  the  formation  of  lactic  acid. 

'I'he  amount  of  lactic  acid  in  whole  blood  increases  on  standing  (70) 
and  with  the  increase  in  lactic  acid  there  has  been  observed  a  correspond- 
ing decrease  in  glucose  (106),  (107).  This  conversion  of  blood 
sugar  into  d-lactic  acid  appears  to  be  the  explanation  of  blood  "  glycoly- 
bib"  (131)  and  is  brought  about  by  the  cells  and  not  by  plasma  (156). 
Sterile  kidney  tiHHUc  in  phosphate  solution  and  in  absence  of  antisep- 
tics, converts  glucose  into  d-lactic  acid,  but  in  the  presences  of  toluol 
the  conversion  does  not  take  place  (117). 

Liver  prrfuHton.  Mucli  valuable  evidence  on  the  relictions  between 
gluccwG  and  lactic  iu:'u\  has  resulted  from  the  artificial  ])errusion  of 
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excised  liver  by  a  technique  developed  especially  by  Embden.  By  this 
method  of  investigation  also  it  has  been  demonstrated  that  the  reac- 
tion glucose  <=^  lactic  acid  may  proceed  in  either  direction  under  different 
circumstances. 

With  livers  containing  glycogen  there  is  an  increase  of  glucose 
(108),  and  of  lactic  acid  (38),  (50)  in  the  perfusion  fluid.  But 
with  livers  rendered  glycogen-free  by  producing  strychnine  con- 
vulsions in  the  animals,  lactic  acid  is  not  formed,  unless  glucose,  fruc- 
tose, alanine,  or  glycerol  is  added  to  the  blood.  The  addition  of 
arabinose  or  inosite  is  without  effect  (50),  (53).  These  results  show 
that  glycogen  or  glucose  is  the  source  of  the  lactic  acid. 

The  reverse  transformation,  lactic  acid  to  glucose,  takes  place  on 
perfusing  glycogen-free  livers,  either  normal  or  diabetic.  Embden 
(38)  found  an  increase  of  blood  sugar  with  livers  rendered  glycogen- 
free  by  strychnine  convulsions,  while  Embden  and  Kraus  (50)  found 
under  the  same  conditions  a  decrease  of  lactic  acid.  And  Embden  and 
Isaac  (48)  showed  that  the  loss  of  lactic  acid  closely  parallels  the  gain 
of  glucose,  thus  indicating  the  source  of  the  glucose  and  showing  an 
approximately  quantitative  conversion. 

With  livers  of  depancreatized  dogs,  Lattes  (110)  found  a  marked  in- 
crease of  blood  sugar  after  perfusion,  and  Embden  and  Isaac  showed 
that  the  loss  of  lactic  acid  with  such  livers  almost  exactly  equals  the 
gain  of  sugar,  again  indicating  a  quantitative  conversion.  Added 
glucose  did  not  give  rise  to  lactic  acid  with  diabetic  livers,  although  it  is 
so  converted  by  normal  livers.  Barrenscheen  (10)  reported  that  dia- 
betic livers  on  perfusion  do  not  form  glycogen  from  added  hexoses, 
under  conditions  in  which  glycogen  is  formed  by  the  normal  liver. 
These  results  appear  to  show  that  the  liver  of  the  normal  dog,  if  glyco- 
gen be  abundant,  converts  it  to  glucose  and  to  lactic  acid;  or  when  the 
glycogen  store  is  low,  it  can  reverse  the  process  and  form  glycogen  from 
added  glucose  or  lactic  acid.  But  the  liver  of  the  diabetic  dog  has  lost 
the  power  to  carry  the  reactions,  glucose  to  lafctic  acid,  and  glucose  to 
glycogen,  but  retains  the  power  to  convert  lactic  acid  to  glucose.  The 
conditions  may  be  represented  as  follows: 

Normal    liver:  Glycogen  •< »■  glucose  t >■  lactic  acid 

Diabetic  liver:  Glycogen  >  glucose  < lactic  acid 

These  findings  recall  the  facts  that  the  diabetic  animal  or  human 
subject  converts  lactic  acid  and  many  other  substances  into  glucose, 
though  he  does  not  readily  form  lactic  acid  nor  store  glycogen.     Wood- 
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yatt  (201 )  reports  that  the  muscle  of  a  human  diabetic  does  not  develop 
lactic  acid  in  rigor,  as  does  normal  muscle.  Similar,  though  less  strik- 
ing results  have  been  reported  by  Von  Furth  (73).  But  Forschbach 
(63a)  found  that  the  muscle  of  a  depancreatized  dog  contained  a 
normal  amount  of  lactic  acid.  And  Parnas  (164)  finds  that  the  muscle 
of  depancreatized  frogs  does  not  differ  from  normal  frog  muscle  in  its 
formation  and  oxidation  of  lactic  acid  on  contraction,  and  suggests 
that  diabetes  does  not  interfere  with  the  consumption  of  carbohydrate 
for  muscular  work.  This  conclusion  can  hardly  be  accepted  for  man  or 
warm  blooded  animals. 

The  livers  of  animals  poisoned  with  phosphorus,  in  contrast  with 
diabetic  livers,  on  perfusion  are  found  to  possess  the  power  to  form 
lactic  acid  from  glucose  or  fructose,  but  have  lost  the  power  to  accom- 
plish the  reverse  change  of  lactic  acid  to  glucose.  They  do  however 
form  glucose  from  dihydroxy  acetone  (101).  The  defect  thus  would 
appear  to  between  lactic  acid  and  triose.  Fructose  is  converted  to 
glucose  by  phosphorus  livers  as  well  as  by  normal  livers. 

Phosphorus    t  :„„_ .    fructose 
poisoning  ^ 

glucose    — >    lactic  acid 

T 

di  hydroxy 
acetone 

Livers  of  animals  poisoned  with  both  phosphorus  and  phlorbizin  form 
no  glucose  from  lactic  acid.  This  result  is  surprising  in  view  of  the 
fact  that  phlorhizin  injection  (and  glycosuria)  inhibits  lactic  acid  excre- 
tion by  phosphorus  poisoned  animals  (134).  E.  Neubauer  (148) 
claims  that  rabbits  poisoned  with  phosphorus  can  form  glycogen  from 
fructose  but  not  from  glucose. 

The  intermediate  precursors  of  glucose  +=^  lactic  acid  in 
VIVO.  The  evid(!nce  cited  shows  that  each  of  the  above-named  sub- 
stances may  be  converted  into  the  other,  in  the  body  as  a  whole  and  in 
ifiolatcd  organs  or  tissues.  The  conversion  is  tlie  result  of  a  series  of 
transformations,  the  analysis  of  which  has  been  attempted  by  determin- 
ing what  possible  intermediates  or  related  substances  give  rise  to  either 
glucose  or  lactic  acid  when  fed  to  animals  or  when  added  to  isohited 
organs  or  tissues  or  to  perfusion  fhiidH.  The  following  facts  api)ear  to 
indicate  the  same  intermediates  in  the  in  vivo  reaction  us  in  the  in  vitro 
formation  of  lactic  acid  from  glucose  by  alkali. 

d-l  (liyceric  aldehyde  may  be  oxidized  in  tlur  body  (150),  is  destroyed 
by  liver  tissue  (184)  Js  converted  into  d-glucose  when  fed  to  phlorhizin- 
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ized  dogs  (177),  forms  glycogen  on  perfusion  of  tortoise  livers  (162), 
forms  d-glucose  and  d-sorbose  on  perfusion  of  dog  liver  (56),  and  is 
converted  into  d-1  and  1-lactic  acid  by  washed  blood  corpuscles  and  by 
perfusion  of  livers  of  fasting  dogs  (42).  It  may  therefore  go  in  either 
direction:  glucose  <—  glyceric  aldehyde  — ^  lactic  acid.  Similarly, 
dihydroxy  acetone  is  converted  to  d-glucose  when  injected  into  phlor- 
hizinized  dogs  (172),  and  by  perfusion  of  dog  liver  it  gives  both  d-glu- 
cose (56)  and  d-1  lactic  acid  (42).  On  standing  with  washed  blood 
cells  of  the  dog  it  is  converted  to  d-1  lactic  acid  less  readily  than  is  d-1 
glyceric  aldehyde,  but  pig  blood  corpuscles  form  from  it  d-lactic  acid 
(125),  (78). 

Methyl  glyoxal  is  likewise  converted  into  glucose  by  the  phlorhizin- 
ized  diabetic  dog  (30)  and  into  d-1-lactic  acid  by  many  hashed  tissues 
(by  the  enzyme  " glyoxalase") ,  (28),  (29),  (151a),  on  liver  perfusion 
and  by  sterile  leucocytes  and  kidney  tissue  (116). 

As  emphasized  especially  b}^  Dakin  and  Dudley,  Levene  and  by  Neu- 
berg,  methyl  glyoxal  must,  in  the  light  of  the  above  facts,  be  regarded 
as  an  intermediate  between  glucose  and  lactic  acid.  In  view  of  the 
wide  occurrence  and  great  activity  of  the  enzyme  "glyoxalase"  there 
is  good  reason  to  beUeve  that  it  is  the  immediate  precursor  of  lactic  acid 
in  vivo,  as  it  doubtless  is  in  the  formation  of  lactic  acid  from  sugar 
in  vitro.  Dakin  has  pointed  out  that  the  undoubted  conversion  of 
1-lactic  acid  into  d-glucose  seems  to  necessitate  its  passage  through  an 
optically  inactive  intermediate,  and  that  this  is  probably  methyl  glyoxal 
or  dihydroxy  acetone.  The  opposite  opinion  advanced  by  Embden, 
Baldes  and  Schmitz  (42)  that  methyl  glyoxal  cannot  be  an  intermediate 
because  its  molecule  contains  no  asymmetric  carbon  atom,  can  scarcely 
be  accepted  in  view  of  the  wide  distribution  of  "glyoxalase"  and  of  the 
undoubted  conversion  of  1-lactic  acid  and  of  many  recemic  compounds 
into  d-glucose.  Neuberg  (152)  points  to  the  possible  existence  of  forms 
of  methyl  glyoxal  with  optically  active  carbon  atoms,  and  suggests 
schemes  by  which  molecular  asymmetry  might  be  conferred  by  it  as 
an  intermediate. 

There  is  therefore  no  obstacle  to  the  belief  that  the  three  substances, 
glyceric  aldehyde,  dihydroxy  acetone  and  methyl  glyoxal  (together 
with  the  hexose  phosphate,  "lactacidogen")  represent  the  main  inter- 
mediates between  glycogen  or  glucose  and  lactic  acid. 

Although  the  reactions  in  the  direction  of  lactic  acid  have  close 
analogies  in  the  in  vitro  behavior  of  glucose,  the  reverse  reactions, 
lactic  acid  to  glucose,  which  appear  to  occur  only  under  the  influence 
of  living  cells  and  in  the  presence  of  oxygen,  are  difficult  to  visualize. 
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The  apparent  necessity  of  oxj^gen  suggests  that  the  path  may  be 
by  way  of  an  oxidation  of  lactic  acid.  Such  a  conception  has  been 
advanced  by  Parnas  and  Baer  (165)  who  propose  a  series  of  reactions 
by  which  three  molecules  of  lactic  acid  yield  progressively  glyceric  acid, 
/3-hydroxy  pjTUvic  acid  and  glycol  aldehyde,  the  latter  condensing  to 
a  molecule  of  glucose.  As  evidence  for  their  scheme  they  find  an 
increase  of  glj^cogen  in  tortoise  liver  after  perfusion  with  glycol  alde- 
hyde (but  not  with  glycollic  or  glyoxylic  acids)  and  a  conversion  of 
glyceric  acid,  lactic  acid,  glycol,  and  glycol  aldehyde  into  glucose  by 
phlorhizinized  rabbits,  Barrenscheen  also  (10)  observed  the  foraiation 
of  glucose  from  glycol  aldehyde,  glycerol,  glyceric  acid  and  lactic  acid 
on  perfusion  of  livers  of  phlorhizinized  dogs.  However,  Baldes  and 
Silberstein  (8)  in  similar  experiments  were  unable  to  show  the  formation 
of  sugar  from  glyceric  acid  or  glycol  aldeltyde,  and  the  scheme  of 
Parnas  and  Baer  (165)  has  not  been  generally  accepted  (27,  p.  116). 
It  appears,  nevertheless,  that  the  two-carbon  glycol  aldehyde,  if  formed 
in  the  body,  may  be  converted  into  glucose.  Although  the  observation 
by  Mayer  (136)  of  glycosmia  after  its  administration  to  rabbits  may 
be  of  doubtful  value  the  experiments  of  Sansum  and  Woodyatt 
(178),  Cremer  (25)  and  Greenwald  (76)  with  phlorhizinized  dogs,  if  not 
decisive,  appear  to  show  the  formation  of  glucose  from  the  injection 
of  glycol  aldehyde.  Neither  glyoxal  nor  glycollic  acid,  into  which 
the  former  is  converted  by  surviving  liver  (31),  are  converted  to 
glucose  (76).  It  seems,  therefore,  that  glycol  aldehyde  can  form  glu- 
cose only  by  direct  condensation  before  oxidation  or  action  by  "alde- 
hydemutase"  (161).  It  will  be  recalled  that  in  alkaline  solution  glycol 
aldehyde  polymerizes  to  tetroses  (60)  which  then  dissociate  with  the 
formation  of  lactic  and  other  acids  (66). 

Another  possible  pathwaj'  of  oxidative  conversion  of  lactic  acid  to 
glucose,  via  pyruvic  acid  and  acetic  aldehyde,  the  latter  condensing, 
with  oxidation  to  glucose,  has  been  already  noted.  (P.  414  see  also 
p.  422.)  Opposed  to  such  explanations  is  the  fact  that  diabetic  ani- 
mals appear  to  convert  all  of  the  carbon  of  lactic  acid  into  glucose,  and 
if  this  be  true  a  direct  conversion,  without  loss  of  carbon  by  oxidation, 
is  of  course  demanded.  Glycid  and  acctole  arc  not  convertible  into 
giticosc  (77). 

It  appears  at  present  that  the  most  probable  course  from  lactic  acid 
to  glucose  is  passage  through  almost  if  not  ciuitc  the  same  intormediatos 
which  precede  the  formation  of  lactic  acid,  i.e.,  by  a  series  of  reversible 
reactions;  though  the  apparent  oxidative  charact,or  of  the  rcncrtion 
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suggests  caution  in  the  adoption  of  this  conclusion.  The  step  from 
lactic  acid  to  methyl  glyoxal  has  an  in  vitro  parallel  in  the  formation 
of  methyl  glyoxal  in  lactic  acid  solutions  (30).  The  next  step,  from 
methyl  glyoxal  to  triose  has  not  yet  been  accomplished  in  vitro,  but 
the  third  step,  triose  to  hexose  was  demonstrated  by  the  well  known 
synthesis  of  fructose  from  glycerose  by  Fischer. 

The  further  fate  of  lactic  acid.  Of  the  two  possibilities  for  the 
disposal  of  lactic  acid  one  has  just  been  considered — its  direct  recon- 
version to  glucose  and  glycogen  via  methyl  glyoxal  and  triose.  The 
other  is  its  direct  oxidation.  The  first  seems  very  probably  to  occur, 
and  the  second,  oxidation  by  way  of  pyruvic  acid  and  acetic  aldehyde, 
represents  what  appears  to  be  the  prevaihng  view  as  to  the  main  path 
of  carbohydrate  oxidation  (Neuberg,  Embden,  Meyerhof). 

In  1911  Neuberg  (153)  discovered  that  yeasts  decompose  pyruvic 
acid  into  acetic  aldehyde  and  CO2;  and  in  a  series  of  later  investiga- 
tions with  various  collaborators  he  has  admirably  demonstrated  the 
fundamental  importance  of  these  substances  in  the  intermediary  metab- 
olism of  glucose  in  fermentations.  There  has  gradually  been  accumu- 
lated a  train  of  evidence  which  has  been  interpreted  in  support  of  the 
idea  that  glucose  metabolism  in  the  animal  body  follows  much  the  same 
path  as  in  fermentation  and  that  pyruvic  acid  and  acetic  aldehyde  are 
in  the  animal  body  also  obligate  intermediates.  These  two  substances 
are  regarded  not  only  as  steps  in  the  oxidation  of  glucose,  and  in  the 
oxidative  reformation  of  glucose  from  lactic  acid,  but  as  a  bridge  by 
which  glucose  passes  to  fatty  acid  or  to  acetoacetic  acid,  or  vice  versa. 
The  following  diagram  represents  the  possible  reactions  under  consid- 
eration. 

lactic  acid 

/     I 

glucose         pyruvic  acid  >  synthesis  of  fatty  acid 

\         1                  /'^  1  . 

acetic  aldehyde  t >■  aldol  r »•  aceloacetic  acid 

i  \  y       ■ 

ethyl  alcohol >    acetic  acid 

Without  questioning  the  experimental  results  the  reviewer  finds  it 
difficult  to  accept  some  of  these  conclusions.  Although  on  oxidation 
by  hydrogen  peroxide  in  vitro,  lactic  acid  yields  pyruvic  acid  (92)  no 
direct  evidence  appears  to  be  available  as  to  the  products  of  lactic  acid 
oxidation  in  the  body.     That  pyruvic  acid  is  the  product  is  inferred 
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from  the  fact  that  its  decomposition  product,  acetic  aldehyde  has  been 
found,  and  from  the  fact  that  the  reverse  reaction,  its  reduction  to 
lactic,  is  established.  Tschernorutzki  (191)  found  that  on  digestion 
with  muscle  or  liver  hash  pjTUvic  acid  disappears,  but  he  was  unable 
to  find  acetic  aldehyde.  By  liver  perfusion,  however,  Embden,  and 
Oppenheimer  (53)  observed  on  adding  salts  of  pyruvic  acid  an  increased 
formation  of  acetoacetic  acid,  which  they  interpreted  as  being  due  to 
preliminary  foiTnation  of  acetic  aldehyde  and  its  condensation  to  aldol. 
Friedmann  had  earlier  found  that  an  increase  of  acetoacetic  acid  re- 
sulted from  perfusion  of  liver  with  acetic  aldehyde.  Although  the 
amounts  of  acetone  (from  acetoacetic  acid)  fovmd  by  Embden  and  Op- 
penheimer were  neither  large,  nor  constant,  the  authors  put  forward 
the  view  (53),  (54)  that  glucose  -^  lactic  acid,  — >•  pyruvic  acid,  — ^  acet- 
aldeh3'de  -^  acetoacetic  acid,  — ^  acetic  acid,  is  the  main  path  of  glucose 
metaboHsm. 

If  lactic  acid  (or  glycogen)  is  the  source  of  pyruvic  acid  and  if  the 
latter  gives  rise  to  acetic  aldehyde,  aldol  and  acetoacetic  acid,  as 
depicted  in  the  diagram,  it  might  be  expected  that  with  increasing 
formation  of  lactic  acid  there  would  be  increasing  amounts  of  acetone. 
But  the  reverse  appears  to  be  the  case.  On  perfusion  of  glycogen-rich 
livers,  (or  normal  glycogen-free  livers  with  added  glucose  or  fructose), 
there  is  much  lactic  acid  fonned,  but  little  or  no  acetone;  while  with 
diabetic  livers,  which  convert  lactic  acid  almost  quantitatively  to 
glucose,  large  amount  of  acetoacetic  acid  appear  (48).  This  would 
seem  to  prove  that  the  source  of  the  acetoacetic  acid  (and  of  pyruvic 
acid  and  acetic  aldehyde)  is  not  lactic  acid.  If  lactic  acid  is  oxidized 
its  products  must  inhibit  the  formation  of  acetoacetic  acid. 

The  evidence  is  more  satisfactory  for  the  reverse  conversion  of  py- 
ruvic acid  (whatever  its  origin)  into  lactic  acid  and  glucose.  Mayer 
(137)  found  lactic  acid  in  the  urine  of  rabbits  after  giving  pyruvic 
acid,  Embdon  and  Oppc^nhoiinor  found  a  very  marked  increase  of 
d-lactic  acid  on  perfusion  of  surviving  dogs'  Hvor  witli  blood  contain- 
ing salts  of  pycuvic  acid,  and  interpreted  the  earlier  observation  (50) 
of  lactic  acid  from  jx'rfusion  with  ahinino  as  l)oing  due  to  tlio  inter- 
mediate proiUiction  of  [)yruvic  acid  ( 1  19).  It  is somewliat surprising  that 
on  perfiwion  of  livers  of  phlorhi/.iiiized  dogs  Baldcs  and  Silberstein 
(8)  and  BarroHcheen  (10)  could  find  no  evidence  of  ghu;ose  fontuition 
from  pynivic  acid  (or  from  aiiaUne  or  serine).  VVIieii  administered 
to  phlorhiziiiizod  dogs,  pyruvic  acid  is,  in  part  at  least,  converted  to 
glucofic,  prcKumably  by  reduction  to  iadic  ueid   (Hi9),   (170),  (32), 
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(25) .  This  conversion  is  less  constant  and  complete  than  is  observed 
with  lactic  acid,  and  it  is  perhaps  possible  that  this  is  to  be  explained 
by  a  dual  path,  lactic  acid,  *— pyruvic  acid,  -^acetic  aldehyde.  Levene 
and  Meyer  (119)  were  unable  to  observe  any  action  on  pyruvic  acid  by 
sterile  leucocytes,  under  conditions  where  a  formation  of  lactic  acid  from 
glucose  was  found  to  take  place. 

Other  more  direct  evidence  has  recently  appeared  in  support  of 
the  view  that  acetic  aldehyde  is  an  intermediate  in  animal  metabolism. 

Stepp  and  co-workers  (189)  find  and  identify  traces  of  acetic  aldehyde 
in  the  blood  and  urine  of  diabetic  subjects.  In  view  of  the  observation 
(67),  that  acetaldehyde  is  converted  to  acetoacetic  acid  on  hver 
perfusion,  they  assume  the  aldehyde  to  be  a  precursor  via  aldol,  of 
the  "acetone  bodies."  But  Fricke  (69)  was  able  to  find  only  doubtful 
traces  of  aldol  from  50  liters  of  diabetic  urine.  Hirsch  (90)  shows  that  on 
aerating  hashed  frog  muscle  and  fish  muscle  in  the  presence  of  "dime- 
don,"  acetaldehyde  is  foraied  (73  mgm.  from  500  grams  muscle) .  Traces 
were  obtained  also  from  fresh  frog  muscle,  the  amount  not  being  in- 
creased on  aeration  except  in  the  presence  of  the  "dimedon"  so  success- 
fully used  by  Neuberg  and  Reinfurth  (155)  in  yeast  fermentation. 
The  origin  of^the  acetaldehyde  in  these  experiments  was  supposed  to 
be  pyruvic  acid,  derived  from  the  oxidation  of  lactic  acid,  and  thus 
from  carbohydrate,  though  direct  evidence  for  the  latter  assumptions 
is  lacking.  It  is  perhaps  equally  probable  that  the  source  is  pyruvic 
acid  formed  from  amino-acid  (149).  Until  a  decision  on  these  points 
can  be  reached,  judgment  as  to  the  significance  of  these  observations 
must  be  withheld. 

Concerning  the  behavior  of  acetic  aldehyde  in  the  body,  the  follow- 
ing results  have  been  reported.  BatelH  and  Stern  (11)  find  that  tissues 
convert  it  into  alcohol  and  acetic  acid  (41),  which  action  according  to 
Parnas  (161)  is  accomplished  by  enzymes  which  he  terms  "aldehyde 
mutase."  This  may  be  the  origin  of  the  small  amounts  of  alcohol 
found  in  animal  tissues  (A.  E.  Taylor,  1913).  Both  acetic  acid  (124) 
and  ethyl  alcohol  (138)  as  well  as  acetic  aldehyde  (67)- are  claimed  to 
give  rise  to  acetoacetic  acid  on  liver  perfusion.  Neither  acetic  acid 
nor  alcohol  are  ketogenic  in  the  body  as  a  whole,  and  the  above  con- 
clusions from  liver  perfusion  are  open  to  question.  Neither  acetic 
acid  nor  ethyl  alcohol  are  convertible  into  glucose.  On  giving  acetic 
aldehyde  subcutaneously  to  phlorhizinized  dogs,  Ringer  and  Frankel 
(172)  found  an  increased  glucose  excretion,  although  Sansum  and  Wood- 
yatt  (176)  after  similar  experiments  concluded  that  a  formation  of 
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glucose  from  acetic  aldehyde  does  not  take  place.  Lusk  (128)  states 
that  S.  R.  Benedict  has  found  the  conversion  of  acetaldehyde  to  glu- 
cose to  be  complete  in  the  phlorhizinized  dog.  If  this  be  true,  it  perhaps 
constitutes  another  path  for  the  oxidative  conversion  of  lactic  acid 
to  glucose  considered  in  an  earlier  section. 

COOH  COOH  COj 


L    ~  i  =  o 


HC    OH  -^     C  =  O     — >•      HC  =  O  glucose 

I  +0  I  I  -> 

CH,  CHj  CHs  +  30 


lactic  acid  pyruvic  acid        acetic  aldehyde 

3  mols. 

Ringer  and  Frankel  found  acetaldehyde  to  be  antiketogenic,  which 
accords  with  its  conversion  to  glucose,  but  is  contrary  to  its  apparent 
conversion  into  acetoaoetic  acid  on  liver  perfusion  (67).  Fricke  (69) 
quotes  Reizenstein  as  showing  that  acetaldehyde  is  not  easily  oxidized 
in  the  body,  a  considerable  fraction  being  excreted  in  the  urine  after 
its  administration.  If  this  be  true,  it  would  seem  unlikely  that  such 
large  amounts  of  acetaldehyde  are  formed  as  must  octur  if  it  is  an 
intermediate  in  glucose  oxidation,  or  in  the  conversion  of  lactic  acid 
to  glucose. 

Although  a  decision  as  to  the  origin  of  acetic  'aldehyde  and  the  extent 
of  its  rdle  in  metabolism  must  await  more  conclusive  evidence,  it  seems 
to  the  reviewer  probable  that  it  has  no  direct  relation  to  glucose  metab- 
olism. If  formed  it  would  give  rise,  at  least  in  part,  to  acetoacetic 
acid  (67) ;  but  the  oxidation  of  glucose  prevents  ketosis.  In  view  of  the 
definite  and  quantitative  relations  which  appear  to  exist  between  the 
opposing  metabolism  of  ketogenic  and  antiketogenic  substances  (Shaffer) 
(182)  one  is  inclined  to  doubt  whether  any  intomiediate  of  antiketogenic 
glucose  can  directly  give  rise  to  ketogenic  molecules,  or  vice  versa.  The 
conversion  of  carbohydrate  into  fat  is,  of  course,  an  example  of  such 
transformation,  but  this  presumably  occurs  only  with  carbohydrate 
plethora.  Although  on  theoretical  grounds  one  uiigiit  expect  the  re- 
verse transformation,  there  is  no  acceptable  evidence  that  such  actually 
occurs  in  the  body.  Wh<»n  the  amount  of  carbohydrate  available  is 
amall  and  the  need  for  glucose  correspondingly  great,  a  transfoi-ination 
of  ketogenic  to  antiketogenic  substance  in  cither  direction  does  not 
appear  to  take  place  (182).  It  must  be  not(Ml  however  that  the  opposite 
conclusion  it*  reached  in  a  recent  review  by  Gcehiniyden  (74). 
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The  argument  that  acetic  aldehyde  is  formed  in  the  animal  body  from 
glucose  via  lactic  and  pyruvic  acids,  is  converted  by  synthesis  back  to 
glucose,  is  converted  to  acetoacetic  acid  or  formed  from  it,  and  is  thus 
a  bridge  between  carbohydrate  and  fat,  is  a  very  attractive  hypothesis, 
but  one  which  the  reviewer  regards  as  fallacious. 

The  conversion  of  carbohydrate  into  fat.  In  connection  with  the  role 
of  pyruvic  acid  and  acetic  aldehyde,  it  should  be  noted  that  each  of 
these  substances  has  been  regarded  as  the  probable  intermediate  in 
the  synthesis  of  fatty  acid  from  glucose.  Based  on  a  suggestion  of 
Nencki,  Magnus-Levy  (133)  proposed  a  progressive  aldol  condensation 
of  acetic  aldehyde  formed  from  lactic  acid,  followed  by  reduction  of  the 
/3-carbon  alcohol  groups,  as  the  sequence  in  the  formation  of  straight 
chain  fatty  acids. 

A  somewhat  similar  hypothesis  was  developed  by  Smedley  (185) 
who  showed  that  a  repeated  condensation  of  pyruvic  acid  with  loss  of 
CO2  and  reduction  may  result  in  straight  chain  fatty  acids  with  an  even 
number  of  carbon  atoms. 

Some  such  process  is  probably  the  explanation  of  fatty  acid  syn- 
thesis, but  in  the  absence  of  direct  evidence,  they  can  be  regarded  only 
as  speculative  hypotheses.  No  other  scheme  seems  to  have  been 
proposed. 

The    PATH    OF    GLUCOSE    OXIDATION    IN    THE    ANIMAL    BODY.       It    haS 

been  noted  above  that  there  are  difficulties  in  the  acceptance  of  the  view 
that  glucose  is  oxidized  via  lactic  and  pyruvic  acids  and  acetaldehyde. 
A  summary  of  the  main  points  opposing  such  a  course  may  be  made 
as  follows. 

Although  the  conversion,  glucose  <=^  lactic  acid,  takes  place  in  either 
direction  in  the  body  as  a  whole,  or  in  isolated  muscle  or  liver,  the 
preponderating  reaction  in  the  presence  of  oxygen,  seems  to  be  in  the 
direction,  glucose  <—  lactic  acid.  Lactic  acid  appears  only  as  the  result 
of  muscular  activity  or  asphyxia,  and  when  it  disappears  from  isolated 
muscle  or  during  liver  perfusion,  it  is  chiefly  converted  into  glucose  or 
glycogen.  There  is  no  convincing  evidence  of  its  direct  oxidation  to 
pyruvic  acid  or  other  products,  though  the  possibility  that  such  occurs 
cannot  be  denied.  When  pyruvic  acid  is  introduced  into  the  body  or 
used  in  liver  perfusion  its  main  fate  seems  to  be  the  conversion  to  glucose 
or  lactic  acid. 
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According  to  present  views,  the  sudden,  explosive  formation  of  lactic 
acid  is  the  essential  agent  causing  muscular  contraction  (93),  (87), 
(141).  But  during  muscular  work  on  low  carbohydrate  diets,  the 
respiratoiy  quotients  indicate  that  the  substance  oxidized  is  fat.  (See 
for  example  the  careful  work  of  Krogh  and  Lindhard  (109)  also  Eckert 
(36).)  Under  such  conditions  presumably  lactic  acid  is  formed,  but  it 
cannot  be  the  substance  burned:  unless  it  be  supposed  that  fat,  the  ulti- 
mate source  of  the  energy,  is  converted  into  glucose  or  other  precursor 
of  lactic  acid  in  the  course  of  oxidation.  Although  held  by  some  authors, 
(see  review  by  Geelmuyden)  (74)  the  best  evidence  seems  to  be  con- 
trary to  the  latter  view.  If  glucose  or  glycogen  is  the  only  source  of 
lactic  acid,  and  if  the  latter  is  necessary  to  muscular  contraction  its 
conservation  under  such  circumstances  woUld  seem  to  be  essential. 

In  the  diabetic  state,  with  the  loss  of  the  power  to  oxidize  glucose, 
there  is  also  the  inability  to  burn  lactic  acid  and  any  of  its  precursors  or 
intermediates,  proved  by  the  fact  that  all  are  completely  and  quantita- 
tively converted  to  glucose.  The  livers  (48)  and  muscles  (73),  (201)  of 
diabetic  animals  appear  to  have  lost  the  power  to  form  lactic  acid  from 
glucose  which  suggests  that  the  diabetic  defect  is  in  the  formation  of 
some  lactic  acid  -precursor  from  ordinary  glucose,  and  since  lactic  acid 
itself  (or  other  intermediates)  as  well  as  glucose  is  not  burned,  one  must 
suppose  either  an  additional  defect  preventing  lactic  acid  oxidation,  or 
assume  that  it  is  not  directly  oxidized  even  by  the  noraial,  but  must  be 
first  converted  to  glucose.  The  latter  alternative  is  the  simpler  explana- 
tion. Recent  evidence  has  been  cited  which  seems  to  indicate  that  the 
diabetic  defect  is  located  in  the  step  between  ordinary  a-  and  /3-glucose 
and  a  tautomeric  form,  7-glucose,  which  it  may  be  imagined  is  an  essen- 
tial step  in  the  transformations  to  glycogen,  or  to  methyl  glyoxal  and 
lactic  acid,  or  to  oxidation. 

ThiK  conception  appears  to  remove  another  fundamental  difKculty. 
According  to  the  results  (;ited  from  Embden's  laboratory,  the  liver  of 
the  depancreatizetl  dogs  have  lost  the  power  to  form  lactic  acid  from 
glucoM>,  but  retain  the  ability  to  perform  the  reverse  chang(»,  {)<)ssessed 
alike  by  the  normal  and  diabetic  intact  animal  (48).  It  is  difUcult  to 
interpret  thcKc  results  on  the  basis  of  a  single  reversible  reaction  the 
aamo  throughout  in  lK)th  directions.  \\\\\  if  1  he  reactions  b(>  looked  upon 
as  in  a  cyclp,  at  one  stage  of  which  the  pancreatic;  hormone  is  nccessaiy, 
the  experimental  fimlings  become  more  nearly  intelligible.  The  follow- 
ing crude  outline  repre.Hents  this  idea,  and  appears  to  the  reviewer  best 
to  coincide  with  existing  facts. 
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Glycogen 

/  \ 

^                  \ 
a  —  /3  glucose >    7  glucose >   oxidation 

\        (hexosephosphate) 


i 
glycerol        t >■      glyceric  aldehyde    ■« *^    dihydroxy  acetone 


methyl  glyoxal 

T 
i 

Pyruvic  acid >     lactic  acid. 

The  diagram  is  intended  to  indicate  that  the  synthesis  of  glucose 
from  lactic  acid  and  intermediates  gives  ordinary  a-/3-glucose,  which 
must  be  transformed  into  a  reactive  isomeric  (ethylene  oxide?)  formed 
by  the  intervention  of  pancreas  hormone  (9),  (17),  (34)  before  the  re- 
verse change  to  lactic  acid  can  occur;  and  that  the  formation  of  lactic 
acid  is  a  side  reaction,  asphyxial  in  character,  and  concerned  with 
muscular  contraction  and  perhaps  with  other  phenomena,  but  prob- 
ably not  with  glucose  oxidation.  Pyruvic  acid  is  represented  as  under- 
going reduction  to  lactic  acid;  the  reverse  reaction  seems  doubtful. 

If  lactic  acid  be  rejected  as  the  path  of  glucose  oxidation,  at  what 
other  intermediate  does  its  oxidation  start?  The  same  sort  of  objec- 
tions seem  applicable  to  methyl  glyoxal  and  to  glyceric  aldehyde.  Both 
are  converted  into  d-glucose  by  the  diabetic  organism,  and  this  fact 
may  be  interpreted  either  by  supposing  the  diabetic  defect  to  prevent 
their  direct  oxidation,  or  that  their  conversion  to  glucose  is  the  normal 
reaction,  and  that  it  is  glucose  which  fails  of  further  utilization.  In 
view  of  the  discovery  by  Dakin  and  Dudley  (29)  that  pancreas  extracts 
inhibit  the  conversion  of  glyoxals  to  hydroxy  acids  by  other  tissues,  and 
the  statement  by  Hopkins  (93)  that  pancreas  extract  slows  the  rate  of 
lactic  acid  production  in  hashed  muscle,  it  is  tempting  to  pick  the  very 
reactive  methyl  glyoxal  as  the  substance  oxidized. 

An  observation  by  Sansum  and  Woodyatt  (178)  casts  doubt  upon 
glyceric  aldehyde.  They  find  that  the  tolerance  of  d-gly eerie  aldehyde, 
or  the  rate  at  which  it  may  be  injected  intravenously  without  triosuria, 
is  only  one-sixth  the  rate  at  which  glucose  is  burned  in  the  body,  and 
that  the  combustion  of  glucose  cannot,  therefore,  take  place  via  glyceric 
aldehyde.     Assuming  glyceric  aldehyde  to  be  a  precursor  of  methyl 
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gh'oxal  and  lactic  acid,  Woodj'att's  argument  would  seem  to  apply 
with  equal  force  to  the  last  two  substances  and  to  the  further  products 
of  lactic  acid  oxidation  as  well  as  to  glj-'ceric  aldehyde.  It  would  seem, 
therefore,  that  by  exclusion  we  are  forced  to  turn  to  some  form  of  glu- 
cose itself  as  the  substance  from  which  its  oxidation  begins. 

This  conclusion  is  supported  also  by  the  behavior  of  glucose  (carbohy- 
drate) in  inhibiting  by  its  oxidation  the  appearance  of  ketosis.  A  dis- 
cussion of  this  subject,  the  explanation  and  mechanism  of  "antiketo- 
genesis,"  is  beyond  the  scope  of  this  review,  but  it  may  be  noted  that  its 
recent  analysis  (182)  appears  to  show  that  the  avoidance  of  the  appear- 
ance of  acetoacetic  acid  (and  of  acetone  and  hydroxj^  butyric  acid)  in 
the  body  is  due  to  its  combining  with  a  product  of  the  oxidation  of  glu- 
cose, which  reaction  allows  its  oxidation.  When  glucose  is  not  being 
oxidized  and  its  '"ketolytic"  oxidation  product  is  not  being  formed  in 
sufficient  amounts,  in  relation  to  the  rate  of  formation  of  acetoacetic 
acid,  the  latter  accumulates  with  resulting  ketosis.  The  oxidation  of 
glucose  in  alkaline  solution  in  vitro  accomplishes  the  oxidation  of  aceto- 
acetic acid  in  a  manner  which  appears  to  be  quite  analogous  to  the  reac- 
tion in  the  body.  In  the  human  subject  the  maximum  antiketogenic 
effect  of  glucose  corresponds  to  approximately  2  molecules  of  aceto- 
acetic acid  for  1  of  glucose,  which  is  also  the  ratio  of  glucose  to  keto-acid 
in  the  in  vitro  reaction.  But  t>i  vitro,  each  molecule  of  glyceric  aldehyde, 
glycol  aldehyde  (their  oxidation  products)  or  glyoxal  likewise  reacts 
with  two  of  acetoacetic  acid.  If  in  the  body,  (or  in  vitro)  glucose  were 
first  dissociated  into  two  molecules  of  glyceric  aldehyde,  we  should  ex- 
pect that  under  favorable  conditions  it  would  accomplish  the  oxidation 
of  (2  X  2)  or  4  molecules  of  keto-acid.  But  this  would  be  twice  the  maxi- 
mum antiketogenic  effect  of  glucose  which  has  so  far  been  observed. 
According  to  this  line  of  argument  it  7nust  therefore  be  concluded  that  the 
8ix  carbon  glucose  is  probably  oxidized  to  a  single  molecule  of  ketolyiic 
substance  without  previous  splitting  to  triose. 

What  the;  first  oxidation  products  of  glucose  may  be  are  quite  un- 
known. Levenc  and  Meyer  could  find  no  evidence  that  glucosone  is 
acted  upon  by  tissues  (120).  In  view  of  the  apparent  similarity  between 
its  oxidation  in  the  body  and  in  alkuline  solution  in  vitro,  furtlier  study 
of  the  latter  may  be  of  asHiatance  in  solving  the  problems. 
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Introduction.  "In  the  study  of  the  microscopic  forms  known  as 
bacteria  we  have  what  might  fitly  be  called  the  focal  point  of  the 
various  branches  of  biological  science.  Though  their  investigation 
may  require  careful  morphological  researches,  yet  the  unmistakable 
monotony  of  form,  combined  with  a  considerable  variation  of  physiolog- 
ical activity,  has  compelled  the  bacteriologist  to  paj'  much  attention 
to  means  by  which  such  phj^siological  variations  may  be  more  or  less 
accuratel}'  registered  in  order  that  they  may  serve  as  a  supplementary 
basis  for  classification.  Again,  with  the  unicellular  organisms  the 
manifestations  of  cell  activity  become  the  most  important  phenomena 
for  study.  These  manifestations  bring  together  the  fields  of  physiology 
and  chemistry  and  make  Bacteriology  in  one  sense  a  branch  of  physio- 
logical chemistry"  (1). 

Three  decades  have  passed  since  this  prophetic  assertion  of  the 
interdependence  and  mutual  relations  of  the  fundamental  dynamic 
biological  sciences  to  the  solution  of  the  manifestations  of  cellular 
activity  was  published,  yet  even  today  its  full  import  is  foreshadowed 
rather  than  realized. 

These  three  decades,  nevertheless,  have  been  replete  with  contribu- 
tions to  the  well-being  of  mankind.  Tluy  have  witnesscnl  the  matura- 
tion of  the  germ  theory  of  disc^ase,  the  rise  aiul  development  of  a  new 
science,  immunology,  and  the  first  great  accomplishments  in  the  field 
of  preventive  medicine.  The  widening  of  the  frontiers  of  knowledge 
in  phyKiology  and  pathology  have  influenced  profoundly  the  advance? 
of  curative  medicine. 

The  pioneer  work  in  the  ac(nirat(?  meaHureinent  of  the  intcTcthange 
of  living  cellfl  with  their  environment  belongs  also  to  this  p<Ti()(l,  and 
the  widcHprcatl  tranHition  from  the  static  or  morpiiologic  contemplation 
of  biologic  wrionce  to  the  dynamic  or  causative  aspect  has  revealed 
ni'W  and  fruit fu!  TicMm  f«tr  ^^tudy. 
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Bacteriology  also  has  passed  through  this  transitional  period  from 
morphology  and  classification  to  an  inquiring  into  the  causation  and 
effect  of  microbic  activity.  The  search  for  curative  serums,  antitoxins, 
vaccines,  and  the  response  of  the  host  to  these  remedial  agents,  has 
impelled  investigators  in  many  fields  to  take  up  anew  the  study  of 
cellular  activity  and  the  results  thereof.  It  is  not  without  significance 
that  many  of  the  requisite  procedures  for  this  study  have  been  developed 
by  the  biochemists. 

Part  I.  The  bacterial  cell.  Bacteria  are  among  the  smallest 
of  known  Uving  things.  The  phenomena  of  life  are  revealed  in  their 
lowest  terms  in  this  group  of  organisms.  All  of  their  vital  functions 
are  consummated  in  single  cells,  so  minute  that  fully  twenty-five 
thousand  of  average  size,  laid  side  by  side,  would  scarcely  span  the 
distance  of  an  inch.  Bacteria  possess  no  morphologically  definable 
nucleus,*  they  are  devoid  of  chlorophyll  or  other  photodynamic  pigment, 
and  they  reproduce  by  simple  fission,  the  resulting  individuals  being 
of  approximately  equal  size.  This  process  of  transverse  fission  of  a 
single  sexless  unit  is  the  simplest  method  of  reproduction  thus  far 
revealed  in  nature.  It  may.be  very  rapid.  For  example,  cholera 
vibrios  placed  in  a  very  favorable  environment  may  divide  individually 
into  two  daughter  vibrios  every  fifteen  minutes  for  limited  periods  of 
time.  The  theoretical  twenty-four  hour  progeny  of  a  single  cholera 
vibrio,  therefore  (ninety-six  generations),  would  be  2^®,  or  nearly  8  X 
10^*,  a  truly  prodigious  number.  Fortunately,  many  natural  barriers, 
as  mutual  antagonism,  exhaustion  of  food  and  accumulation  of  waste 
products,  restrain  the  multiplication  of  the  microbes  after  the  first 
few  hours'  growth  and  keep  the  progeny  within  endurable  limits. 
Nevertheless,  the  rapid  increase  of  bacteria  in  short  periods  of  time  is 
no  inconsiderable  factor  in  determining  the  rate  and  extent  of  the 
changes  they  induce  in  their  nutritive  environment. 

Another  noteworthy  characteristic  of  the  bacterial  cell  is  its  dis- 
proportionately large  ratio  of  surface  area  to  weight  or  volume.  Thus, 
a  typhoid  bacillus  is  a  microbe  of  average  size.  Its  volume  is  approx- 
imately 0.000,000,002  cc.  and  its  weight  about  0.000,000,002  mgm.  (2). 
Its  surface  area,  however,  is  nearly  0.000,01  sq.  mm.  In  no  other 
group  of  known  living  things,  except  possibly  the  filterable  viruses,  is 
this  ratio  of  surface  to  volume  exceeded,  or  even  equalled. 

^  The  bacterial  cell,  chemically  considered,  is  relatively  rich  in  nuclear  sub- 
stance, however. 
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Inasmuch  as  the  energy  requirements  of  Hving  things  in  general  are 
determined  largely  bj'^  the  ratio  of  their  surface  to  their  volume,  this 
large  surface-volume  ratio  characteristic  of  bacteria  furnishes  a  back- 
ground for  the  well  attested  magnitude  of  microbic  interchange  with 
their  nutritive  environment,  notwithstanding  their  minuteness.  The 
two  factors — rapid  multiplication  and  large  surface  to  volume  ratio — 
underhe  the  phenomena  of  bacterial  nutrition. 

Part  II.  Bacterial  metabolism,  a.  General  considerations:  Bac- 
teria and  animals  differ  from  plants  in  that  they  possess  no  chlorophyll 
or  other  photodynamic  pigment.  Chlorophyll  is  a  transformer  of 
solar  energy  into  growth  energy.  In  virtue  of  this  transformed  energy 
the  plant  weaves  the  structural  elements — nitrates,  carbon  dioxide, 
water  and  salts — into  the  complex  proteins  which  form  the  living  sub- 
stance of  the  plant  tissues.  The  architectural  design  of  these  organic 
complexes  resides  in  the  heredity  of  the  plant  itself,  which  guides  the 
life  elements  into  the  complex  specificity  of  the  plant  protoplasm. 

The  absence  of  chlorophyll  or  other  photodynamic  pigment  from  the 
bacterial  substance  makes  it  quite  evident  that  the  driving  force  of 
microbic  existence  must  come  directly  or  indirectly  from  energy- 
producing  substances  formed  by  green  plants.  Stated  differently, 
bacteria  require  at  least  some  preformed  food  in  their  dietary;  they 
are  essentially  transformers,  not  accumulators  of  energy.  The  utiliza- 
tion of  food  by  bacteria  is  distributed  between  two  distinct  phases  of 
their  life  history,  which  overlap  somewhat  in  point  of  time.  The  first 
is  the  constructive  or  anabolic  phase,  in  which  the  parent  cell,  after 
enlarging  somewhat,  divides  into  two  daughter  cells,  each  of  approxi- 
mately equal  size.  The  anabolic  phase,  chemically  considered,  is  one 
in  which  the  hereditary  chemical  complex  of  the  protoplasm  of  the 
bacterial  cell,  together  with  the  requisite  enzymes  and  other  unnamen- 
taria,  is  elaborated  from  simpler  organic  substances  obtained  from  the 
nutritive  environment. 

The  second,  or  catabolic  phase,  is  the  energy  phase,  in  which  the 
morphologically  mature  cell  performs  its  peculiar  and  specific  fuiurtions 
as  a  distinct  biological  entity.  The  requisite  energy  for  tli(>  perform- 
ance of  thofit;  specific  a(rtivities  is  derived  from  the  intracellular  deg- 
radation of  suitable  organic  substances  absorbed  from  tlu^  nutritive 
environment  by  the  mature  microbe.  The  totality  of  this  interchange 
by  boirtcria  with  their  imtritive  environment,  through  which  they 
obtain  the  requimte  substances  for  their  stnurtural  and  energy  reciuire- 
ment.H,  is  verj'  properly  designuled  bacterial  metabolism.  The  chemis- 
try of  batrterial  metabolism  is  the  adumbration  of  bacterial  activity. 
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b.  The  anabolic  phase  of  bacterial  metabolism.  Chemical  analysis 
of  the  bacterial  cell  reveals  the  presence  of  nitrogen,  carbon,  hydrogen, 
oxygen,  together  with  smaller  amounts  of  phosphorus  and  inorganic 
salts,  in  about  the  same  proportions  as  those  found  in  other  typical 
cells  of  the  animal  and  plant  kingdoms.  Phosphorus,  however,  is 
disproportionately  abundant;  this  element,  as  phosphoric  acid,  forms 
the  inorganic  basis  for  nucleo  protein.  Nucleo  protein  is  chemically 
prominent  in  the  bacterial  substance,  even  though  not  demonstrable 
by  ordinary  nuclear  strains.  It  follows  that  bacterial  growth  depends 
upon  the  availaljility  of  these  elements,  both  in  amount  and  in  appro- 
priate combination. 

The  most  significant  of  the  essential  vital  structural  chemical  ele- 
ments is  nitrogen.  It  is  strikingly  inert,  yet  in  combination  with 
hydrogen  as  amino  nitrogen  it  is  the  very  cornerstone  of  life.  The 
amino  acids,  of  which  some  nineteen  are  known,  united  in  a  multitude 
of  combinations,  fonii  the  specific  protein  of  all  living  things.  With 
the  possible  exception  of  the  nitrogen-fixing  microbes  and  the  nitrifying 
organisms,  bacteria  require,  or  utilize  more  readily,  amino  (or  ammonia) 
nitrogen  for  their  structural  needs.  The  complexity  of  nitrogen  com- 
bination required  varies  from  the  simplest  peptids  to  the  most  complex 
of  proteins.  A  few  types  can  utilize  very  simple  nitrogenous  com- 
pounds. The  great  majority  thrive  in  media  containing  polypeptids, 
or  peptones.  A  small  group  of  the  most  highly  parasitized  microbes, 
as  for  example  the  gonocoecus,  require,  or  thrive  best,  in  media  con- 
taining protein  but  little  changed  from  the  state  in  which  it  exists  in 
the  hmnan  or  the  animal  body.  No  known  microbes  will  develop  in 
media  from  which  nitrogen  is  excluded. 

Chemically  considered,  the  anabolic  or  structural  phase  of  bacterial 
metabolism  is  a  series  of  hydrogenic  condensations  in  which  amino 
acids,  or  complexes  thereof,  together  with  carbon,  hydrogen,  oxygen 
and  inorganic  salts,  are  woven  by  the  microbe  into  the  complex  specific 
nitrogenous  substance  or  protoplasm  which  determines  the  distinctive 
chemical  architecture  of  the  microbic  species.  Simpler  carbohydrates 
are  similarly  united  to  form  starchlike  compounds,  and  fatty  acids 
and  glycerol,  or  other  alcohols  are  united  to  form  waxes  and  fats. 

The  actual  amount  of  nitrogenous  compounds,  carbohydrates  and 
fats  entering  into  even  very  large  numbers  of  bacteria,  is  small  indeed. 
Fully  fifteen  miUions  of  million  typhoid  bacilli  would  scarcely  balance 
an  ounce  weight.  About  85  per  cent  of  this  microbic  substance  is 
water.     Even  with  a  liberal  allowance  for  wastes,  a  very  small  quantity 


442  ARTHUR  ISAAC  KENDALL 

of  nitrogenous  substance  would  suffice  to  furnish  the  nitrogen  of  this 
mass  of  typhoid  baciUi. 

The  anabohc  or  structural  phase  of  microbic  life,  therefore,  insofar  as 
it  can  be  differentiated  from  the  energy  phase,  is  relatively  inconspicuous 
both  with  reference  to  the  amount  of  chemical  interchange  with  the 
nutritive  environment,  and  with  regard  to  the  nature  of  the  products 
resulting  therefrom.- 

c.  The  catabolic  or  energy  phase  of  bacterial  metabolism.  The  part 
played  by  bacteria  in  nature,  their  specificity  of  action  in  other  words, 
depends  veiy  largely  upon  the  character  of  the  carbonaceous  substances 
from  which  they  obtain  their  energy.  The  amount  of  substance  re- 
quired to  furnish  this  energy  far  exceeds  that  necessary  to  provide 
the  essential  structural  material.  The  physical  basis  for  this  marked 
disproportion  between  structural  and  energy  requirements  resides 
largely,  but  not  wholly,  in  the  large  surface  area  of  the  individual 
microbe  in  proportion  to  its  volume  or  weight. 

Two  great  classes  of  energy-containing  substances  are  generally 
available  for  microbic  catabolism,  namely,  the  carbohydrates,  and 
the  proteins  or  their  derivatives.  Oxidizable  carbon  is  contained  in 
each,  but  the  substances  resulting  from  the  respective  intracellular 
vital  combustions  of  this  carbon  are,  or  may  be,  widely  different. 
Thus  the  same  organism,  utilizing  the  carbon  of  a  carbohydrate  for  its 
energy  on  the  one  hand,  or  the  carbon  of  a  peptone  on  the  other  hand, 
may  be  a  veritable  Dr.  Jekyll  or  a  Mr.  Hyde  in  so  far  as  the  results  of  its 
activity  are  concerned.  A  few  examples  selected  from  a  multitude  of 
well  authenticated  instances  of  this  important  phenomenon  will  be 
illuminating. 

The  diphtheria  bacillus,  growing  in  a  broth  medium  containing 
peptone  and  meat  extractives,  but  no  utilizable  carbohydrate,  pro- 
duces that  potent  specific  soluble  toxin  known  as  1  lie  diphtlioria  toxin. 
The  colon  bacillus  cultivated  in  the  same  medium  forms  indol  from  the 
amino  acid  tryptophan.  Bacillus  proteus  elaborates  a  soluble  proteo- 
lytic enatyme  under  similar  conditions.  The  Shiga  dysentery  bacillus 
generates  a  soluble  poison  from  the  same  ingredients,  which  is  said  to 
be  unlike  that  formed  by  any  other  microbe.  Each  organism,  so  it 
appears,   acts  characteristically   and   differently   upon  the    conunon 

'The  poiMOHB  formed  l>y  thi<  Kroup  of  f^lin  K!inKn>ii(>  l)ucilli  iiiay  provo  to  bo 
exoeptioiM.  TheM  apiM*ar  duriiiK  the  firut  houru  of  growth  and  roiich  u  iimxiiniiiii 
when  the  culture  in  rnultiplyinR  inoMt  rapidly.  Ab  the  culture  becomes  older,  the 
poiHonM  rapidly  diNup|R>tir  (3). 
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protein  constituents  of  the  broth  medium,  in  that  the  soluble  products 
resulting  from  its  growth  are  distinctive. 

The  same  holds  in  the  human  body,  where  the  protein  of  the  human 
tissue  furnishes  the  requisite  nutriment.  The  diphtheria  bacillus 
through  its  exotoxin  incites  the  clinical  entity,  diphtheria.  The  Shiga 
bacillus  is  the  etiologic  agent  of  one  type  of  bacillary  dysentery.  In 
like  manner  Bacillus  coli  forms  indol  in  the  alimentary  canal  from  the 
tryptophan  of  the  ingested  protein  of  the  food. 

A  striking  change  in  the  character  of  the  products  formed  by  these 
microbes  takes  place  if  some  ordinary  glucose  is  added  to  the  respective 
cultures  before  inoculation.  It  must  be  remembered  that  the  nitrog- 
enous (protein)  constituents  of  the  culture  medium  remain  quantita- 
tively and  qualitatively  the  same;  the  only  change  is  the  mere  addition 
of  a  small  amount  of  glucose.  The  diphtheria  bacillus  does  not  form 
the  potent,  soluble  toxin  in  the  glucose-protein  medium;  it  produces 
lactic  acid.  The  Shiga  bacillus  fails  to  make  its  characteristic  poison; 
it  also  forms  lactic  acid.  Indol  is  no  longer  detectable  in  the  glucose 
broth  culture  of  the  colon  bacillus,  and  no  soluble  proteolytic  enzyme 
can  be  detected  in  the  filtrate  of  the  glucose  broth  culture  of  Bacillus 
proteus.  In  place  of  indol  and  the  enzyme,  both  the  colon  bacillus 
and  Bacillus  proteus  cultures  contain  acidic  products,  mostly  lactic 
acid. 

This  remarkable  transmutation  of  the  products  formed  by  the  four 
microbes  upon  the  addition  of  glucose  to  their  nutritive  supply  is  not 
apparently  accompanied  by  a  transformation  of  their  structural  phase; 
indeed,  the  microbes  are  qualitatively  indistinguishable  when  they  are 
tested  for  their  specificity  with  their  specific  agglutinins,  lysins  or 
precipitins.^  The  differences,  in  fact,  are  directly  attributable  to 
the  utilization  of  carbohydrate  in  place  of  protein  for  their  energy 
requirements. 

A  mass  of  information  has  accumulated  which  indicates  very  clearly 
that  utilizable  carbohydrate  added  to  cultural  media  protects  or 
spares  the  protein  of  the  medium  from  breakdown  for  energy  among  the 
vast  majority  of  microbes,  precisely  as  carbohydrate  protects  protein 
in  the  animal  and  the  human  body. 

The  effects  of  adding  utilizable  carbohydrate  to  cultural  media  as 
exemplified  in  the  four  bacteria  just  mentioned  are  summarized  in 
the  following  table: 

*  Simonds  (4)  has  shown,  however,  that  there  are  quantitative  differences  in 
the  respective  agglutination,  precipitation  and  complement  fixation  reactions  of 
the  plain  and  glucose  cultures. 
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OBQANISSi: 

significant  product  in  protein 
medium: 

significant  CHANGE  IN  THECARBO- 
HYDRATE-PROTEIN  MEDIUM: 

Diptheria  bacillus 
Shiga  bacillus 
Bacillus  coli 
Bacillus  proteus 

Soluble  diphtheria  toxin 

Soluble  Shiga  toxin 

Indol 

Soluble  proteolytic  enzyme 

Lactic  acid.     No  toxin 
Lactic  acid.     No  toxin 
Lactic  acid.     No  indol 
Lactic  acid.    No  enzyme 

It  follows  that  the  specificity  of  chemical  action  of  these  bacteria 
depends  upon  their  utilization  of  protein  for  energy. 

Conversely,  when  these  bacteria  are  grown  in  media  containing 
utilizable  carbohydrate,  they  form  lactic  acid  which  is  the  chemical 
basis  of  buttermilk.  These  two  generalizations  are  applicable  to  all 
the  bacteria  parasitic  or  pathogenic  for  man  thus  far  studied  with  the 
exception  of  the  ver>'  few  that  do  not  utilize  carbohydrate  for  energy. 

Part  III.  The  quantitative  measure  of  bacterial  metabolism. 
The  qualitative  effects  of  adding  utilizable  carbohydrate  to  cultures  of 
bacteria,  illustrated  in  the  preceding  section  by  a  very  few  typical 
examples,  are  suggestive  of  the  sparing  action  of  carbohydrates  for 
protein,  but  they  fail  to  afford  satisfying  quantitative  substantiation 
of  the  general  principle  involved.  Physiologists  have  long  been  con- 
versant with  this  same  principle  as  it  is  manifested  in  animal  and  hmnan 
metabolism.  Howell  (5)  expresses  it  thus:  "The  oxidization  of  the 
sugar  protects  the^  protein  of  the  body."  There  seoms  to  be  little 
doubt  that  the  sparing  action  of  carbohydrate  for  protein  is  a  rather 
general  principle  of  the  metabolism  of  cells  in  general  which  require 
prefonned  food  in  their  dietary.  If  such  be  the  case,  the  study  of 
bacterial  metabolism  should  reveal  the  pattern  upon  which  the  funda- 
mental metabolism  of  animal  and  animal-like  cells  is  moulded. 

Suitable  quantitative  chemical  methods  for  the  exi)Ioration  of  this 
field  hav(*  been  perfecrted  by  Folin  and  his  associates.^  It  is  not  without 
significance  in  this  (connection  that  these  procedures  were  developed 
by  Folin  for  the  study  of  human  metabolism. 

The  (luaiititative  study  of  the  nitrogenous  ciumges  induced  in 
culture  media  of  predetermined  composition  by  many  kinds  and  strains 
of  bacteria  ha«  reveale<l  the  basis  of  the  plienomenu  of  bactci'ial  inetabo- 
lian  (7)  and  hiw  indicated  the  purullcHsm  between  microl>i(;  (unicellular) 
and  'animal  and  human  (|)oly('elIular)  metabolism.  Space  does  not 
permit  of  an  cxtcnHivc  discuHsion  of  the  metabolism  of  the  various 


*8m  Kendall  (6)  for  tbo«e  eapeoially  adapted  to  the  study   of 
DMtAboUaa. 


bacterial 
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types  of  bacteria,  but  for  convenience  of  discussion  the  protocols  of 
the  nitrogenous  metabolism  of  two  representative  organisms  are 
reproduced,  namely,  B.  typhosus  (8)  and  B.  proteus  (9) : 

TABLE  1 
Bacillus  typhosus,  1 


MOM.  PER  100  CC. 


Total  nitrogen 

Protein  nitrogen 

Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Reaction 

pH 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Reaction 

pH 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Reaction 

pH 

Total  nitrogen 

Protein  nitrogen.  . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Reaction 

pH 


CONTROL 

DAT 

PLAIN 
BROTH 

1.080 

1 

1.080 

0.778 

0.800 

0.302 

0.280 

0.210 

0.175 

0.042 

0.048 

0.050 

0.057 

+0.80 

+  1.30 

7.2 

7.3 

1.080 

4 

1.080 

0.778 

0.811 

0.302 

0.269 

0.210 

0.167 

0.042 

0.044 

0.050 

0.058 

+0.80 

-0.80 

7.2 

7.8 

1.080 

7 

1.080 

0.778 

0.923 

0.302 

0.157 

0.210 

0.044 

0.042 

0.043 

0.050 

0.070 

+0.80 

-1.40 

7.2 

8.4 

1.080 

10 

1.080 

0.778 

0.868 

0.302 

0.212 

0.210 

0.097 

0.042 

0.038 

0.050 

0.077 

+0.80 

-2.10 

7.2 

8.7 

GLucoas 

BROTH 

1.080 
0.790 
0.290 
0.196 
0.045 
0.049 
+5.10 
5.0 

1.080 
0.801 
0.279 
0.181 
0.051 
0.047 
+5.40 
5.0 

1.080 
0.913 
0.167 
0.067 
0.052 
0.048 
+5.80 
5.0 

1.080 
0.890 
0.190 
0.102 
0.040 
0.048 
+4.20 
5.3 


Discussion  of  analytical  tables.    The  methods  used  in  these 
studies,  developed  for  the  most  part  by  Folin  and  his  associates  (6), 
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are  of  sufficient  precision  to  warrant  the  supposition  that  the  quantita- 
tive changes  induced  by  the  bacteria  in  the  nitrogenous  constituents 
of  the  cultural  media  furnish  a  fairlj'-  accurate  outline  of  the  nitrogenous 
changes  taking  place  therein  during  the  cultural  history  of  the  respective 
microbes  selected  for  discussion/ 

Bacillus  typhosus:^  The  general  phenomena  indicative  of  the  sparing 
action  of  the  glucose  for  the  protein  are  quite  clearly  discernible.  The 
reaction  of  the  plain,  sugar-free  medium  (plain  broth)  becomes  pro- 
gressively alkaUne,and,  also,  the  hydrogen  ion  concentration  diminishes 
progressivel}'.  Coincidently,  the  anmionia  detectable  in  the  culture 
increases  from  50  mgm.  per  100  cc.  medium  in  the  control,  to  77  mgni. 
at  the  end  of  ten  days'  incubation.  The  increasing  alkalinity  is  pre- 
sumably attributable  to  the  gradual  formation  of  basic  substances. 
In  glucose  broth,  on  the  other  hand,  which  has  precisely  the  same  nitrog- 
enous composition  and  reaction,  but  to  which  1  per  cent  of  glucose 
has  been  added,  the  reaction  becomes  increasingly  acid.  Both  the 
titratable  acid  and  the  hydrogen  ion  concentration  show  a  rapid  and 
decided  increase.  This  follows  from  the  well  attested  fact  that  the 
products  formed  from  the  utilization  of  sugar  for  energy  are  acidic  in 
character  and  reaction.  The  free  ammonia,  however,  undergoes  prac- 
tically no  change  in  the  glucose  broth.  Inasmuch  as  anmionia  results 
for  the  most  part  from  the  dcamination  of  the  protein  derivatives  within 
the  bacterial  cell  prior  to  the  utihzation  of  the  non-nitrogenous  residuum 
of  the  protein  derivative  for  energy,  this  disproportion  between  free 
ammonia  in  plain  broth  and  glucose  cultures  of  the  organism  might 
be  expected. 

It  is  of  some  interest  to  detennine  what  type  of  nitrogenous  sub- 
Btancc  of  the  culture  medium  undergoes  the  most  noteworthy  change 
during  the  growth  of  the  bacteria.  A  survey  of  the  table  shows  clearly 
that  the  "polypeptid"  nitrogen  fraction  (see  reference  (6)  for  detailed 
explaiibtioo)  is  chiefly  altered.  The  polypeptid  nitrogen  decreases  in 
amount  somewhat  more  rapidly  in  the  plain  broth  than  the  glucose 
broth  during  the  first  week  of  growth.  Then  it  increases  again.  This 
increase  is  probably  due  to  autolysis  of  some  of  the  bacteria  at  the 
later  period,  when  cultural  conditions  have  become  rather  unfavorable 

*  For  additional  ntudioii,  soo  Journ.  Infect.  Din.,  1022,  .xxx,  no.  2.  Thoso 
appear  to  bo  tho  Brat  complete  quuntitutivo  invcHtiRntionH  of  the  nitroKonous 
netaboliam  of  cellular  nrtivity  recorded. 

'  The  analytical  figureit  for  the  vnriotiH  nitrogen  fractions  in  this  and  tho 
foDoirlDg  tables  are  exprewiod  in  fractions  of  a  ffram  per  100  oc.  culture  niedium. 
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for  growth.  It  will  be  noted  that  there  is  a  simultaneous  increase  in 
the  "protein  nitrogen"  fraction  during  the  first  seven  days  of  incubation. 
This  is  clearly  attributable  to  the  incorporation  of  some  of  the  "poly- 
peptid  nitrogen"  into  the  bodies  of  the  newly  formed  bacteria.  After 
the  seventh  day  the  protein  fraction  diminishes  somewhat,  evidence 
again  of  autolysis  of  some  of  the  bacteria.  The  amino  nitrogen  does 
not  undergo  changes  of  sufficient  magnitude  to  become  of  significance. 

Bacillus  proteus:  Tables  2  and  3  are  reproduced,  (pp.  448-449)  the  first 
showing  the  changes  induced  in  plain  broth  and  in  the  same  plain  broth 
to  which  graded  amounts  of  glucose  have  been  added ;  the  second  table 
shows  the  changes  induced  by  sterile  filtrates  of  the  various  broths 
shown  in  table  2  in  a  sterile  broth  medium.''  It  will  be  remembered  that 
Bacillus  proteus  forms  soluble  proteolytic  enzymes  in  media  from 
which  considerable  amounts  of  utilizable  carbohydrates  are  excluded. 
The  effect  of  the  increasing  amounts  of  glucose  up  to  1.5  per  cent,  at 
which  point  the  enzyme  does  not  appear  in  an  active  state,  is  clearly 
indicated.  The  sparing  action  of  the  glucose  up  to  a  concentration 
of  1.5  per  cent,  which  is  more  than  the  bacteria  can  completely  oxidize, 
even  in  fourteen  days,  is  indicated  by  the  slowness  of  the  action  of 
the  enzyme  in  the  higher  sugar  concentrations  during  the  earlier  days 
of  incubation. 

The  sparing  action  of  the  glucose  for  the  protein  is  also  indicated  by 
the  veiy  considerable  amount  of  ammonia  formed  both  in  the  plain 
broth  culture  and  those  containing  relatively  small  amounts  of  glucose, 
in  contrast  to  the  negligible  amount  of  free  ammonia  in  the  1.5  per 
cent  glucose  culture.  In  the  foi-mer,  the  ammonia  increase  amounts 
to  as  much  as  200  mgm.  per  100  cc.  of  culture  medium  after  two  weeks' 
incubation.  In  the  latter  (1.5  glucose)  it  amounts  to  but  6  mgm.,  a 
truly  striking  difference. 

Comparing  the  plain  broth  culture  with  the  1.5  glucose  broth  culture 
the  changes  in  the  "polypeptid  nitrogen"  are  noteworthy.  In  the  former, 
the  polypeptid  nitrogen  increases  from  280  mgm.  to  as  much  as  963 
mgm.,  whereas  in  the  glucose  culture  a  small  decrease  is  clearly  dis- 
cernible. The  difference  is  due  to  the  presence  of  the  soluble  enzyme 
in  the  plain  sugar-free  broth  culture.  This  is  indicated  by  the  decrease 
in  the  protein  nitrogen  fraction  from  721  mgm.  to  38  mgm.  in  the 
plain  broth  culture,  notwithstanding  the  fact  that  there  has  been  a 
considerable  amount  of  protein  nitrogen  bound  up  in  the  bodies  of 
the  bacteria.     At  the  end  of  the  seventh  day  apparently  practically 

'  Full  details  of  the  experiment  will  be  found  in  reference  (9). 


TABLE  2 
B.  proteus 


PROTEUS  NO.  1 

JUNE  2S.  1921 

CXTLTV&SS 


Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Pob'peptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitr(»gen 

Ammonia  nitrogen. . 

Total  nitnigen 

Protein  nitrogen. . . . 
Nonprotein  nitrogen 
PoIyiM'ptid  nitrogen. 

Amino  nitrogen , 

AmmoDM  nitrogen. . , 


CON- 
TROL 


14 


1.001 
0.721 
0.280 
0.209 
0  039 
0.032 

1.001 
0.72^ 
0.280 
0.209 
0.039 
0.032 

1.001 
0.721 
0.280 
0.209 
0.039 
0.032 

1.001 
0.721 
0.280 
0.209 
0.039 
0.032 

1.001 
0.721 
0.280 
0.209 
0.039 
0.032 

1.001 
0.721 
0.280 
0.200 
0.030 
0.033 

1. 001 
0.721 
0.280 


1.001 
0.531 


PERCENTAGE  OF  GLUCCSE 


01 


1.001 
0.564 


0.2 


1.001 
0.598 


03 


1.001 
0.609 


0.4 


1.001 


0.5        0.75 


1.001 


0.665  0.676 


1.001 
0.721 


0.4700.437  0.403  0.392 


0.389 
0.032 
0.049 


1.001 
0.262 
0.739 
0.638 
0.032 
0.069 

1.001 
0.239 
0.762 
0.647 
0.036 
0.089 

1.001 
0.060 
0.941 
0.796 
0.028 
0.117 

1.001 
0  161 

0  840 
0.663 
0.033 
0.144 

1  ()01 
0.038 
0.063 
0.606 
0 
0.204 


0360 


1  ()0I 
0.162 
0.830 


0.3610.330  0.319 


0.0280.028 
0.0480.045 


1.001 
0.195 
0.806 
0.709 
0.030 
0.067 

1.001 
0.239 
0.762 
0.647 
0.036 
0.089 

1.001 
0.073 
0.928 
0.777 
0.035 
0.116 

1.001 
0.127 
0.847 
0.694 
0.031 
0.149 

1  001 
0  CK)4 
0,907 
0.687 
.025 
0.105 


0.209,0  587 
0.030  0  030 
0.033  0.218|0. 247 


1  001 
0.151 
0.860 
0  577 
0  020 


1.001 
0.385 
0.616 
0.527 
0.029 
0.060 


001 

284 
717 
608 
032 
077 


1.001 
0.139 
0.862 
0.709 
0.035 
0.118 

1.001 
0.161 
0.840 
0.679 
0.032 
0.129 

1  (X)l 
0.071 
0  030 
0.703 
0  032 
0.105 


1.001 
0.140 
0.861 
0.566 


0.029 
0.044 

1.001 
0.419 
0.582 
0.415 
0.029 
0.048 

1.001 
0.352 
0.649 
0.536 
0.030 
0.056 

1.001 
0.228 
0.773 
0.696 
0.018 
0.059 

1.001 
0.206 
0.795 
0.654 
0.024 
0.117 

1.001 
0  (KM) 
0  941 
0.757 
0.036 
0.149 

1.001 
0.218 
0.783 
0.511 


0.336 
0.265 
0.030 
0.041 

1.001 
0.453 
0.548 
0.475 
0.028 
0.045 

1.001 
0.430 
0.571 
0.473 
0.047 
0.051 

1.001 
0.262 
0.739 
0.654 
0.035 
0.050 

1.001 
0.206 
0.795 
0.667 
0.025 
0.103 

l.OOI 
0.083 
0.918 
0.7.')() 
0.042 
0.126 


0.0300.050 


001 
0.151 
0.850 
0.580 


0.325  0.280 
0.253,0.213 
0.032|0.029 
0.040,0.038 


1.001 
0.497 
0.504 
0.429 
0.027 
0.048 

1.001 
0.453 
0.548 
0.469 
0.030 
0.049 

1.001 
0.307 
0.694 
0.613 
0.032 
0.049 

1.001 
0.239 
0.762 
0.648 
0.035 
0.079 

1.001 
0.094 
0.5H)7 
0.730 
0  010 
0.137 


.001 
.805 

m) 

0.057,0. 079 


1.001 
0.497 
0.504 
0.434 
0.026 


1.5 


0.0440.037 

1.001 
0.531 
0.470 
0.400 
0.028 
0.042 

1.001 
0.351 
0.650 
0.571 
0.030 
0.049 


1.001 
0  340 
0.061 
0  567 
0.030 
0.0()4 

1.001 
0.105 
0.806 
0.722 
0.033 
0.141 


1  001 
0.106 
0,805 
0.024 
0  050 


0.2660.213,0.213  0.216.0.221 


1.001 
0.743 
0.258 
0.191 
0.030 


1.001 
0.822 
0.179 
0  10.-^ 
0.039 
0.037 

l.(X)l 
0.732 
0.260 
0.185 
0  0 44 
0.030 
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TABLE  3 
B.   proteus 


CARBOL  GELATIN  ENZYME 


Total  nitrogen 

Protein  nitrogen.  . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Total  nitrogen 

T*rotein  nitrogen.  .  .  . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Total  nitrogen 

Protein  nitrogen.  . .  . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Total  nitrogen 

Protein  nitrogen. . .  . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Total  nitrogen 

Protein  nitrogen.  .  .  . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 

Total  nitrogen 

Protein  nitrogen.  . . . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen. . 

Total  nitrogen 

Protein  nitrogen.  .  .  . 
Nonprotein  nitrogen 
Polypeptid  nitrogen. 

Amino  nitrogen 

Ammonia  nitrogen.  . 


14 


CON- 
TROL 


0.672 
0.542 
0.130 
0.102 
0.020 
0.008 

0.672 

0.542 
0.130 
0.098 
0.023 
0.009 

0.672 
0.542 
0.130 
0.097 
0.023 
0.010 

1.330 
1.061 
0.269 
0.119 
0.035 
0.015 

1.330 
1.061 
0.269 
0.211 
0.040 
0.018 

1.330 
1.061 
0.269 
0.205 
0.039 
0.025 

1.330 
1.061 
0.269 
0.191 
0.049 
0.029 


0.672 
0.325 
0.347 
0.314 
0.025 
0.008 

0.672 
0.235 
0.437 
0,384 
0  044 
0.009 

0.672 
0.078 
0.594 
0  534 
0.048 
0.012 

1.330 
0.389 
0.941 
0.860 
0.065 
0.016 

1.330 
0.322 
1.008 
0.916 
0.073 
0.019 

1.330 
0.367 
0.963 
0.861 
0.076 
0.026 

1.330 
0.413 
0.917 
0.821 
0.067 
0.029 


PERCENTAGE  OF  GLUCOSE 


0.1 


02 


0.3 


0.4 


0.5        0.75        1.5 


0.672  0. 
0.280  0 


0.392 
0.360 
0.024 
0.008 

0.672 
0.246 
0.426 
0.379 
0.038 
0.009 

0.672 
0.112 
0.560 
0.498 
0.052 
0.010 

1.330 
0.447 
0.883 
0.819 
0.048 
0.016 

1.330 
0.332 
1.008 
0.907 
0.083 
0.018 

1.330 
0.390 
0.940 
0.832 
0.082 
0.026 

1.330 
0.547 
0.883 
0.738 
0.070 
0.030 


0.672 
0.314 
0.358 
0.314 
0  035 
0.008 

0.672 
0.146 
0.526 
0,475 
0,042 
0.009 


672'0.672;0 
3810.392:0, 


291 
257 
028 
006 


1.3301 

O.524I0 

0.806 

0.737 

0.053 

0.016 


1.330 
0.330 
0.940 
0.844 
0.078 
0.018 

1.330 
0.333 
0.997 
0.884 
0.086 
0.027 

1.330 
0.402 
0.928 
0.820 
0.078 
0.030 


0.280;( 
0.252 
0.022 
0.006 


0.672 
0.403 
0.269 
0.235 
0.026 
0.008 

0.672 
0.202 
0.470 
0.430 
0.031 
0.009 


330 
515 
815 
459 
041 
015 


1.330 
0.390 
0.940 
0,847 
0.075 
0.018 

1.330 
0.547 
0.883 
0.778 
0.081 
0.024 

1.330 
0.402 
0.928 
0.826 
0.073 
0.029 


672  0. 672 10. 672 
426  0.4260.471 
246  0.246  0.201 


2170.217 
023  0.023 
0060.006 


0.672 
0.414 
0.258 
0.227 
0.022 
0.009 


672 
258 
414 
368 
038 
008 


1.330 
0.793 
0.537 
0.484 
0.038 
0.015 

1.330 
0.424 
0.906 
0.812 
0.077 
0.017 


0.672 
0.358 
0.314 
0.285 
0.022 
0.007 

0.672 
0.291 
0.381 
0.344 
0.029 
0.008 


330 

793 
537 
484 
037 
016 


1.330 
0.547 
0.783 
0.700 
0.066 
0.017 


1.3301.3301 
0.524  0.524  0 


0.172 
0.023 
0.006 


.672 
.370 
.302 
.273 
.020 
.009 


0.672 
0.347 
0.325 
0.294 
0.023 
0.008 

1.330 

0.804 
0.526 
0.478 
0.032 
0.016 


0.806 
0.706 
0.076 
0.024 

1.330 
0.367 
0.963 
0.854 
0.082 
0.027 


0.806 
0.706 
0.075 
0.025 

1.330 
0.379 
0.951 
0.847 
0.076 
0.028 


.330 
.670 
.660 
,575 
.067 
.018 

.330 
.524 
.806 
.708 
.073 
.025 


1.330 
0.469 
0.861 
0.750 
0.082 
0.029 


0.672 
0.515 
0.157 
0.125 
0.023 
0.009 


1.330 
1.051 
0.279 
0.222 
0.040 
0.017 

1.330 
0.983 
0.347 
0.279 
0.043 
0.025 


449 


450  ARTHUR   ISAAC    KENDALL 

all  of  the  original  protein  nitrogen  has  been  broken  down  to  the  non- 
protein nitrogen  fraction  by  the  enzyme,  leaving  only  that  protein 
locked  up  in  the  newly  formed  bacteria.  Strong  supportive  evidence 
of  this  view  is  found  not  only  in  the  autolytic  changes  taking  place 
in  the  fom-teen-day  cultm-es,  but  also  in  the  1.5  glucose  broth  culture, 
where  no  enzATiie  is  present.  Here  the  protein  fraction  increases 
up  to  the  seventh  daj'-,  while  the  non-protein  fraction  decreases,  pre- 
cisely as  was  foimd  to  be  the  case  with  Bacillus  typhosus,  which  forms 
no  soluble  enzyme. 

Turning  to  the  changes  induced  by  the  soluble,  bacteria-free  enz>Tne, 
it  will  be  found  that  a  transfer  from  the  protein  to  the  non-protein 
nitrogen  takes  place  to  a  veiy  considerable  extent — amounting  to  a 
change  from  1061  mgm.  to  322  mgm.  in  the  fifth  daj'.  It  should  be 
remembered  that  only  5  per  cent  of  the  normal  amount  of  enzyme 
found  in  the  cultures  of  this  date  has  been  added  to  the  sterile  broth 
medium;  this  indicates  the  activity  of  the  enzyme. 

In  glucose  broth  where  no  enzyme  is  present,  there  is  no  change  of 
any  significance  in  the  nitrogenous  constituents;  this  should  be  ex- 
pected. One  feature  deserves  special  mention.  In  no  instance  where 
the  active  enzj-^me  (bacteria-free)  is  added  to  the  sterile  medium  is 
there  the  shghtest  increase  in  free  ammonia,  notwithstanding  the 
great  decrease  in  protein  nitrogen.  The  free  anuuonia,  as  indicated 
above,  is  associated  with  the  intra-bacterial  utihzation  of  the  protein 
for  energy.  The  soluble  enzyme  is  wholly  without  deaminizing 
properties. 

Not  very  much  "amino  nitrogen"  is  formed  by  the  action  of  the 
soluble  enzyme  upon  the  protein  constituents  of  the  medium.  This 
would  suggest  that  the  action  of  the  enzyme  is  more  like  that  of  pepsin 
than  that  of  trypsin  or  erepsin.  In  other  words,  the  soluble  enzyme  of 
Bacillus  proteus  does  not  reduce  the  protein  nitrogen  fraction  or  the 
polypcptid  fraction  of  the  culture  medium  to  th(^  state  of  single,  free 
amino  acids.  Rather,  there  is  a  cleavag(»  of  th(>  jiroteins  and  the  more 
complex  protein  derivatives  to  polypeptids  of  unknown  complexity. 

ThoHo  analytical  studies  of  the  nitrogen  distribution  in  microbic 
cultures  furnish  but  little  information  of  the  identity  of  the  products 
formed  during  the  life  history  of  the  microbe,  but  they  indicate  quite 
definit<;Iy  the  quantitative'  chara(rt,er  of  the  nitrogenous  interchange 
between  medium  and  microbe  as  growth  proceeds.  The  metabolism 
of  the  human  body  is  studied  in  precisely  the  same  manner,  and  with 
■imilar  methods. 
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It  is  not  without  significance  that  the  diphtheria  bacillus,  growing 
either  in  the  human  body  or  in  the  glass  test  tube,  produces  the  same 
toxin.  The  nitrogenous  tissues  of  the  body  and  the  nitrogenous  con- 
stituents of  the  culture  medium  alike  yield  the  same  by-product — 
diphtheria  toxin — when  they  are  used  for  energy  by  the  diphtheria 
bacillus.  On  the  other  hand,  the  bacteria  that  produce  their  haiTuful 
effects  only  when  they  develop  within  the  tissues  of  the  body,  as  ty- 
phoid, streptococci  and  others,  present  a  problem  that  is  still  obscure. 
The  elucidation  of  the  nature  of  the  products  of  growth  formed  by 
pathogenic  bacteria  is  one  of  the  rich  prizes  this  field  holds  forth  for 
the  future. 

Notwithstanding  the  indefiniteness  of  current  information  regarding 
the  chemical  composition  of  the  products  formed  during  nitrogenous 
metabolism  by  bacteria  within  the  body  and  in  culture  media,  the 
general  principle  of  the  sparing  action  of  utilizable  carbohydrate  for 
protein  has  been  revealed  by  these  quantitative  metabolic  studies, 
and  bacterial  metabolism  has  been  brought  into  accord  with  the  general 
phenomena  of  metabolism  in  the  animal  body. 

Part  IV.  Certain  applications  of  bacterial  metabolism. 
In  a  preceding  section  attention  was  directed  to  the  dissimilarity  of 
products  formed  from  the  common  ingredients  of  ordinary,  sugar-free 
cultural  media  by  various  parasitic  and  pathogenic  bacteria.  In  other 
words,  each  microbe  exhibits  a  marked  specificity  of  chemical  action, 
judging  from  the  nature  of  the  substances  formed  when  each  utilizes 
protein  or  protein  derivatives  for  energy.  Conversely,  each  of  these 
respective  microbes  forms  acidic  products,  chiefly  or  commonly  lactic 
acid,  when  it  utilizes  carbohydrate  for  its  energy  requirements. 

Not  all  carbohydrate  configurations  are  utilizable  for  bacterial 
energy.  Indeed,  a  very  striking  specificity  exists  between  the  proto- 
plasmic asymmetry  of  bacteria  and  their  respective  abilities  to  utilize 
particular  sugar  configurations.  The  tissues  of  the  human  body  are 
equally  exacting  in  this  respect. 

This  important  relationship  between  protoplasmic  asymmetry  and 
the  stereo-configuration  of  utilizable  carbohydrate  and  carbohydrate- 
like substances  has  long  been  a  theme  for  investigation.  Pasteur  (10) 
showed  many  years  ago  that  a  mold,  Penecillium,  would  ferment  the 
dextro  component  of  ammonium  racemate,  leaving  the  laevo  isomer 
practically  intact,  and  this  method  of  separating  isomers  by  the  action 
of  biological  agents  was  rapidly  extended  (11).  Fischer  and  Thier- 
felder  (12)  examined  the  relations  between  the  stereo-configurations 
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of  certain  sugars  and  their  fennentability  by  yeast.  From  this  study, 
and  subsequent  investigations  upon  a  more  extensive  series  of  sugars 
and  glucosides,  Fischer  drew  his  famous  simile  that  a  carbohj^drate, 
to  be  acted  upon,  must  possess  a  stereo-configuration  that  is  related 
to  the  asjTTunetry  of  the  cellular  protoplasm  as  a  "key  is  to  its  partic- 
ular lock"  (13).  Subsequent  studies  have  thrown  additional  light 
upon  the  interrelations  of  bacteria  and  various  carbohydrates.  Out 
of  these  interrelations  procedm*es  have  been  devised  which  pennit  of 
of  the  microbic  identification  and  estimation  of  various  sugars  and  sugar 
derivatives  (14).  The  correctness  of  the  underlying  principle,  that 
"utihzable  carbohydrate  spares  protein  from  utilization  for  energy' '  (15), 
seems  to  be  adequately  established  by  the  very  operation  of  this  use 
of  bacteria  in  carbohydrate  analysis. 

Many  problems  of  interest  and  importance  present  themselves  as 
the  direct  outcome  of  the  mutual  interdependence  of  microbic  nutrition 
and  potential  microbic  action.  Not  the  least  interesting  and  impor- 
tant of  these  is  the  multitude  of  phenomena  having  their  origin  in  the 
alimentary  canal  of  man.  Volumes  have  been  written  upon  this  subject. 
At  most,  a  most  superficial  outline  can  be  presented  here. 

From  birth  to  normal  adult  life  the  kaleidoscopic  changes  in  the 
flora  of  the  intestinal  tract  have  their  origin  in  the  general  alimentarj^ 
environment  (16).  The  food  of  the  host  is  a  vor>^  important  factor, 
both  in  controlling  the  kinds  of  bacteria  that  multiply  in  the  intestinal 
canal,  and  in  determining  the  nature  of  the  products  these  bacteria 
form  while  they  are  resident  therein.  Thus,  the  monotonous  breast 
milk  diet  of  the  nursling  with  its  prt^ponderance  of  lactose  creates 
conditions  that  favor  the  growth  of  the  anaerobic,  obligately  fermenta- 
tive organism.  Bacillus  bifidus  (17).  This  microbe  is  devoid  of  more 
than  minimal  proteolytic  powers;  indeed,  it  thrives  in  the  aliinentary 
tract  only  when  available  lactose  is  continuously  present.  As  the  child 
grows  and  its  dietary  requirements  exceed  the  maternal  ability  to 
provide,  a  noteworthy  change  is  discernible  in  the  intestinal  tiora, 
coincident  with  the  altered  nutritional  conditions.  The  dietary  change 
ifl  emcntialiy  a  marked  increase  in  the  proportion  of  protein  to  carbo- 
hydrate, which  UHUully  results  in  a  dilTerential  eiirichnient  of  the  pro- 
tein residuum  in  the  lower  portion  of  the  child's  intestinal  trairt,,  with 
poriofls  of  carl)ohydrate  presence  and  absence.  Under  th(\se  conditions, 
liacilius  bifuhis  tends  to  disappear,  being  unable  to  thrive;  in  the  p(M'iodic 
abiicncc  of  carlMihydratc,  and  more  versatile  bacteria  take  its  place. 
Baetlluii  coli  is  the  most  conspicuous  of  the.«e.     It  can  grow  well  upon 
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the  partly  digested  protein  residuua,  and  utilize  the  protein  for  energy 
during  those  periods  when  sugar  is  absent.  That  is  to  say,  Bacillus 
coli,  unlike  Bacillus  bifidus,  is  facultative  with  reference  to  its  energy 
requirements  (18).  It  is  worthy  of  note  that  considerable  amounts 
of  indol  are  formed  by  it  when  it  utilizes  protein  for  energy,  whereas 
it  produces  lactic,  and  smaller  amounts  of  other  acidic  products  when 
utilizable  carbohydrate  is  available.  The  indol,  absorbed  from  the 
alimentary  tract,  oxidized  and  paired  in  the  liver,  is  a  principal  source 
of  urinary  indican. 

This  change  from  an  obhgately  or  nearly  obligately  fermentative 
nursling  flora  to  a  facultative  putrefactive  flora  persists  from  post  nurs- 
ling life  through  adolescence  to  adult  life.  Inasmuch  as  experimental 
animals  may  be  made  to  exhibit  the  major  features  of  this  bacterial 
change  in  type  and  chemical  activity  through  careful  dietary  alter- 
nations (16),  (17),  (19),  it  would  appear  not  only  that  diet  is  one 
important  factor  in  determining  the  nature  of  the  intestinal  flora,  but 
also  that  suitable  dietary  procedures  offer  a  rather  direct  method  of 
influencing  the  nature  of  the  products  fonned  by  bacteria  already  present 
in  the  alimentary  tract. 

It  is  quite  obvious  that  undesirable  intestinal  microbic  activity 
may  be  of  at  least  two  types — one  in  which  harmful  protein  derivatives 
are  being  formed,  as  for  example  in  bacillary  dysentery  or  in  an  over- 
growth of  bacteria  which  produce  intolerable  amounts  of  indol,  or  other 
substances  that  may  act  as  slowly  cumulative  systemic  poisons.  The 
other  type  is  characterized  either  by  irritant  acidic  substances,  as 
butyric  acid  in  considerable  amounts,  or  to  unusual  amounts  of  lactic 
or  acetic  acids. 

Two  fairly  distinct  procedures  have  been  advocated  to  influence 
unfavorable  bacterial  activity  in  the  alimentary  canal.  One  of  these 
consists  essentially  in  forcing  dietary  procedures  inimical  to  the  growth 
of  the  microbe  it  is  desired  to  supplant;  the  other  contemplates  the 
deliberate  introduction  of  bacteria  whose  activities  are  of  necessity 
favorable  to  the  well-being  of  the  host. 

Feeding  diets  rich  in  lactose  have  been  found  helpful  in  infections 
with  dysentery  bacilli  (20)  and  in  typhoid  fever  (21).  Here  the  pri- 
mary object  is  to  furnish  the  invading  bacteria,  and  intestinal  bacteria 
as  well,  with  a  continuous  supply  of  carbohydrate,  in  order  to  shift 
the  metabolism  from  the  protein  to  the  carbohydrate,  and  thus  change 
the  bacterial  products  foraied  in  so  far  as  possible  to  the  lactic  produc- 
ing phase.     The  results  of  this  method  of  therapy  are  quite  encouraging. 
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In  a  similar  manner,  Dragstedt  (22)  has  been  able  to  produce  and  con- 
trol parathjToid  tetany  in  experimental  animals  in  a  very  suggestive 
manner;  upon  a  protein  diet,  the  animals  manifest  the  typical  signs 
and  sjTnptoms  of  this  disease;  the  substitution  of  a  diet  rich  in  carbo- 
hydrate ameliorates  the  symptoms  very  markedly. 

The  second  method — that  of  dehberate  intestinal  implantation  of 
suitable  bacteria — is  as  yet  not  well  worked  out  but  available  evidence 
indicates  that  Bacillus  bifidus,  or  Bacillus  acidophilus  (23),  freshly 
isolated  from  the  intestinal  tract,  so  that  the  ability  to  grow  in  the 
intestinal  environment  is  not  lost,  may  be  fed  in  the  living  state,  and 
with  suitable  accessory  dietary  conditions  may  be  induced  to  grow  in 
the  intestines.  It  is  clear  from  what  has  been  said  that  the  implanta- 
tion and  growth  of  bifidus  or  acidophilus  in  the  alimentary  canal  takes 
place  only  under  conditions  that  will  afford  optimum  conditions  for 
the  normal  resident  bacteria  to  change  their  metabolism  to  the  lactic 
acid  phase.  Hence,  growth  and  persistence  of  the  artificially  implanted 
bacteria  is  rather  an  index  of  the  persistence  of  carbohydrate  throughout 
the  alimentarj'  tract,  with  its  effect  upon  the  nature  of  their  products 
of  metaboHsm,  than  merely  a  successful  inoculation  with  the  foreign 
microbe.  In  no  case  is  it  possible  to  replace  all  the  normal  intestinal 
bacteria  with  bifidus  and  acidophilus  cultures,  except  in  very  young 
children  and  animals. 

The  study  of  the  chemistry  of  bacterial  metabolism — and  this  is 
equally  true  for  cellular  metabolism  in  general — is  in  its  formative 
state.  Advances  along  highly  important  lines  of  the  identification  of 
individual  growth  products  must  await  the  development  of  new  chemi- 
cal methods.  Tlu?  ultimate  results  will  carry  biological  science  far 
along  the  path  toward  a  real  understanding  of  the  dynamics  of  life 
it«elf. 
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A  long  series  of  traditional  and  scientific  writings  testifies  to  the  mysti- 
fication produced  by  the  menstrual  periodicity  of  the  human  female. 
We  find  the  Mosaic  lawgivers  already  concerned  to  regulate  the  hygiene 
of  menstruation ;  thousands  of  years  later  an  Arrhenius  is  still  puzzling 
over  the  relation  between  the  cycles  of  menstruation  and  those  of  the 
moon.  In  recent  years,  however,  there  seems  to  have  been  a  genuine 
advance  toward  a  biological  explanation  of  the  reproductive  cycle  in 
mammals,  and  we  may  hope  that  the  general  enlightenment  is  finally 
extending  to  the  undoubtedly  peculiar  problems  of  our  own  species. 
We  now  know  that  the  discharge  of  ova  from  the  ovarian  follicles  is  a 
periodic  function,  accompanied  by  alterations  in  the  female  organism 
which  provide  for  protection  and  nutrition  of  the  embryos  in  their  wan- 
dering and  development ;  but  the  effort  to  test  and  amplify  this  general 
idea  and  to  give  it  practical  appUcation  in  the  understanding  of  such 
special  cases  as  the  human  menstrual  cycle  has  continually  been  ham- 
pered by  a  diversity  of  detail  so  great  that  each  species  seems  to  present 
a  special  problem.  Outside  the  mammalian  class  we  find  such  extremes 
as  the  seventeen-year  cycle  of  the  locust.  Cicada  septendecim,  and  the 
daily  ovulation  of  the  domestic  hen;  among  the  mammals  we  have  to 
reckon  with  such  different  phenomena  as  the  spectacular  annual  rutting 
of  certain  deer;  the  ''heat"  of  horse,  cow  and  pig,  recurring  perennially 
at  three-weekly  intervals;  the  almost  totally  inconspicuous  oestrus  of 
the  laboratory  rodents;  and  the  menstrual  hemorrhagic  process  of  the 
higher  primates.  The  dissimilarity  of  external  manifestations  is 
matched  by  the  different  structure  of  the  reproductive  tract  and  the 
multiplicity  of  form  in  placentation  and  in  the  embryonic  membranes. 
The  problem  which  presents  itself  to  students  of  these  phenomena  is  to 
learn  the  relation  of  ovulation  to  the  outward  events  of  the  cycle,  to 
follow  in  detail  the  accompanying  changes  of  form  and  function  in  the 
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reproductive  tract,  and  ultimately,  let  us  hope,  to  comprehend  their 
physiological  interrelations.  It  is  clear  that  the  solution  of  the  cycle  of 
any  one  species  must  depend  in  part  upon  the  progress  of  knowledge  of 
them  all,  and  that  a  complicated  or  obscure  cycle  like  that  of  the  human 
species  will  be  intelhgible  only  in  the  light  of  simpler  types.  These 
questions,  and  the  recent  att^npts  to  solve  them,  form  the  subject  of 
our  review. 

I.  The  reproductive  cycle  in  general.  Oestrus.  Turning  to  the 
simplest  type  of  reproductive  manifestations,  such  as  is  presented  for 
instance  by  the  ungulates  and  the  carnivores,  we  observe  the  recurrence 
at  regular  intervals  of  a  condition  characterized  by  sexual  excitement  and 
by  impregnation  of  the  female  if  copulation  takes  place.  Between  the 
periods  of  oestrus,^  sexual  activity  is  completely  in  abeyance.  The 
intervals  between  the  recurrences  of  oestrus,  the  duration  of  the  period 
of  sexual  excitement  and  the  degree  of  its  manifestation  are,  as  we  have 
said,  different  in  various  species.  The  domestic  pig,  for  instance,  under- 
goes a  three-day  period  of  oestrus  at  intervals  of  about  three  weeks 
throughout  the  year;  the  sheep  has  in  the  autumn  or,  in  some  breeds,  in 
spring  and  autumn  a  sequence  of  oestrous  pciiods,  which  ma^^^include 
three  or  four  cycles  unless  cut  shoi-t  by  hnpregnation ;  the  dog  is  in  heat 
for  a  week  or  more  about  twice  annually.  In  cats  and  dogs  the  inter- 
oestrous  interval  is  longer  than  the  span  of  gestation,  while  in  the  pig 
and  other  animals  with  rapid  cycles  the  reverse  is  true,  and  there  seems 
to  be  a  mechanism  by  which  oestrus  (and  consequently  ovulation)  is 
prevented  from  occurring  during  pregnancy. 

'  "Oestrus"  (heat)  is  the  periodic  condition  of  scxuul  activity  characterized 
by  willingness  to  mate,  as  contrasted  to  the  intervals  during  which  animals  do  not 
mate.  In  Heape's  terminology  (27)  the  term  "prooestrus"  indicates  the  pre- 
liminary or  premonitory  stage  immediately  preceding  oestrus.  The  interval  of 
quietude  following  oestrus  is  called  "dioestrus"  if  it  be  only  a  relatively  brief 
interlude  Iwtween  regularly  rectirrent  oestrous  i)erio<ls,  "anoestrus"  if  it  be  so 
long  M  to  rover  a  large  part  of  the  year  lietween  mating  seasons.  The  sequent 
prriodft  of  proiM'strus,  (M'strus  and  dioestrus  or  anoestrus  form  together  the  oes- 
trouN  cycle.  As  will  Im?  seen  in  this  review,  we  must  also  (lonsider  a  post-oestrous 
•tagc;  and  finally,  we  are  now  aware  that  a  stage  called  "metoestrus"  by  Heai)e, 
toindicnteaiM?riodof  recession  of  reproductive  act  ivity  immediately  after  oestrus, 
docN  not  occur  in  the  original  sense  except  in  a  few  aninuils  which  do  not  ovulate 
■poninnrously.  The  reader  will  find  in  the  works  of  lieape  ('J7)an(i  Marshall  (45) 
n  rollection  of  infonnation  bearing  ui)on  this  subject  ;  \\w  recent  moMcigra]>h  of 
Long  and  Kvana  (41)  contuinit  a  tabular  statement  of  the  (>\tniii  dutn,  brought 
up  to  date. 
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Oestrus  is  not  in  all  species  marked  by  obvious  outward  signs  of  sexual 
excitement.  In  the  rodents  especially  it  has  been  difficult  to  establish 
the  existence  of  regular  cycles.  In  the  guinea  pig,  for  example,  oestrus  is 
so  inconspicuous  as  often  to  escape  observation  even  by  experienced 
breeders.  Recently,  however,  it  has  been  discovered  by  Stockard  and 
Papanicolaou  that  the  ovulation  cycle  is  accompanied  by  changes  in  the 
vaginal  secretion,  so  that  by  microscopic  examination  of  vaginal  smears 
it  is  possible  in  this  species  to  detect  a  regular  cycle  of  about  sixteen 
days'  duration.  By  this  means  we  have  already  learned  to  follow  the 
oestrous  cycle  of  four  rodent  species  hitherto  unknown  or  not  fully 
understood.  (Guinea-pig,  Stockard  and  Papanicolaou  (74);  rat,  Long 
and  Evans  (41);  mouse,  Allen  (1);  rabbit,  unpublished  observations  of 
Pelkan,  quoted  by  Long  and  Evans.) 

It  is  hardly  necessaiy  to  point  out  the  further  perplexing  dissimilarity 
between  these  forms  of  the  oestrous  cycle  and  the  reproductive  phenom- 
ena of  the  human  species.  Here  neither  sexual  desire  nor  the  act  of 
mating  are  limited  to  special  periods,  but  may  occur  at  any  stage  of  the 
cycle.  The  only  distinct  external  event  is  the  appearance  of  a  menstrual 
hemorrhage,  which  in  spite  of  its  dissociation  from  a  specific  oestrus  is 
yet  so  constant  in  its  recurrence  that  it  inevitably  suggests  the  oestrous 
periodicity  of  other  mammals. 

Ovulation.  The  onset  of  oestrus  is  preceded  or  accompanied  by 
changes  in  the  ovary,  particularly  in  the  Graafian  follicles  and  their 
enclosed  ova.  Among  the  large  follicles  in  a  resting  stage  which  are 
always  present  in  the  sexually  mature  ovary,  one  follicle  (or  a  group, 
according  to  the  species)  begins  to  grow  still  larger  and  passes  during  a 
few  days  into  the  fully  mature  stage.  In  the  pig,  for  instance,  the  ma- 
ture follicles  increase  from  a  diameter  of  4  or  5  mm.  to  8  or  10  mm. 
Duiing  this  growth  there  is  a  striking  development  of  epithelioid  struc- 
ture in  the  formerly  spindle-shaped  cells  of  the  theca  interna  folliculi. 
The  cumulus  oophorus  is  partially  dissociated  by  thinning  and  spreading 
apart  of  its  component  granulosa  cells  so  that  the  ovum  is  left  barely 
anchored  to  the  unchanged  granulosa  cells  of  the  follicular  wall  below  it. 
The  ovum  itself  undergoes  the  phenomena  of  maturation,  i.e.,  extrusion 
of  the  first  polar  body  and  the  prophase  and  metaphase  of  the  second 
polar  division.  The  result  is  a  distinctive  modification  of  the  follicle 
which  is  typical  of  the  prooestrous  or  oestrous  periods.  The  details  of 
these  changes  in  the  follicle  have  long  been  known  to  embryologists, 
but  their  exact  time-relations  have  only  recently  been  made  out  in  a  few 
species  (among  them  the  ferret,  Robinson  (61);  pig.  Corner  (10),  (11); 
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Seckinger  (68);  rat,  Long  and  Evans  (41)).  There  has  been  some 
inexactness  in  the  hterature  due  to  failure  to  recognize  these  morpho- 
logical signs,  which  are  essential  to  the  identification  of  matui-e  follicles. 

After  two  centuries  of  discussion  which  is  now  chiefly  of  antiquarian 
interest  it  has  been  established  that  in  most  mammals  the  ripe  follicles 
rupture  spontaneously  at  some  time  during  the  oestrus,  but  it  is  also 
known  that  in  three  animals  the  follicles  usually  do  not  rupture  unless 
coition  occurs,  although  they  undergo  the  preliminary^  maturation  as  in 
other  forms;  if  mating  does  not  occur,  the  follicles  and  their  contained 
ova  degenerate.  This  group  includes  the  domestic  cat,  the  ferret 
(Mustelus  putorius)  and  the  domestic  rabbit.  The  significance  and 
mechanism  of  this  specialized  type  of  follicular  behavior  are  at  present 
beyond  conjecture.  Other  animals  formerly  supposed  not  to  ovulate 
spontaneously  have  been  removed  from  this  class  by  more  accm-ate 
observation. 

Rupture  of  the  follicles  is  affected  by  some  unknown  cause.  Wini- 
warter and  Saimnont  (79)  and  Guttmacher  and  Guttmacher  (22) 
suggest  the  possible  action  of  involuntary  muscle  fibers  in  the  theca 
externa,  of  which  the  latter  authoi-s  have  presented  a  full  anatomical 
and  pharmacological  study.  Other  outstanding  conjectures  are  those 
of  Clark  (8)  that  rupture  is  brought  about  by  an  increased  engorgement 
of  follicular  blood  vessels  at  the  time  of  oestrus,  and  of  Schochet  (65) 
that  the  follicles  develop  in  their  cavities  a  ferment  which  erodes  their 
walls. 

It  has  been  found  with  singular  unanimity  for  a  number  of  species  that 
the  unfertilized  ovmu  passes  through  the  Fallopian  tube  to  degenerate  in 
the  uterine  cavity,  and  that  the  passage  into  the  uterus  requires,  regard- 
less of  the  widely  variant  length  of  the  tul)e  in  the  different  species, 
about  three  days'  time.  There  are  only  throe  known  exceptions  to  this 
rule.  In  the  dog  it  appears  that  about  a  week's  time  is  required  for 
passage  of  the  ova  into  the  uterus.  In  the  rat  it  is  stated  by  Long  and 
Ehrans  (41)  that  the  unfertilized  ova  do  not  pass  farther  than  the  last 
jMirt  of  the  Fallopian  tubes;  the  fertilized  ova  require  only  the  usual  three 
dayH  to  reach  the  uterus.  In  th(»  opossum  (26)  the  ova  pass  more 
rapidly  into  the  uterus  than  is  the  case  in  Eutherian  mammals,  reaching 
the  uterine  cavity  about  one  day  after  ovulation.- 

ImplanUUion.  The  subsequent  fate  of  the  ova  when  fci-lilizcd  has 
become  for  many  species  a  well-grounded  part  of  our  eml)ryologi(!al 

*8obotU  (63)  has  given  a  useful  review  of  the  literutuie  un]  this  topic,  up 
to  1914. 
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knowledge.  So  far  as  known,  fertilization  always  takes  place  in  the 
Fallopian  tubes,  and  the  fertilized  ova  proceed,  exactly  as  the  unfer- 
tilized, into  the  uterine  lumen  on  the  fourth  day,  bj^  which  time  seg- 
mentation has  begun.  Thereafter  (it  is  hardly  necessary  to  point  out) 
the  events  of  further  development,  fixation  and  implantation  of  the  early 
embryos  differ  according  to  the  species.  In  some  mammals,  for  instance 
the  domestic  pig,  the  embiyos  become  fixed  to  the  endometrium  by  a 
diffuse  placental  apposition  so  simple  that  there  is  merely  a  loose  inter- 
locking of  fetal  with  maternal  tissue,  and  no  destruction  of  the  endome- 
trimn;  when  at  parturition  the  chorions  are  freed,  they  leave  behind  an 
intact  maternal  epithelium.  In  other  ungulates,  as  the  sheep  and  cow, 
there  is  upon  the  cotyledonary  eminences  of  the  endometrium  a  more 
extensive  interlocking  of  tissue,  with  but  little  endometrial  destruction. 
In  carnivores,  the  embryos  after  fixation  upon  the  sm-f ace  of  the  endome- 
trium form  a  placental  attachment  in  which  the  endometrial  epithelium 
and  glands  are  ultimately  destroyed,  leaving  only  the  blood  vessels. 
In  some  of  the  rodents  (i.e.,  the  guinea  pig)  the  ovum  burrows  under  the 
endometrial  surface  to  foi-m  a  new  implantation  cavity,  and  at  the 
same  time  the  uterus  reacts  to  the  embryonic  attack  by  the  formation 
of  decidual  cells  from  the  endometrial  stroma.  Nidation  of  the  human 
embryo  involves  widespread  destruction  of  the  endometrium  by  the 
trophoblast,  even  to  the  opening  of  maternal  blood  vessels  into  inter- 
villous spaces,  and  a  general  conversion  of  the  endometrial  stroma  into 
decidual  cells.  It  is  not  strange,  in  view  of  these  differences  in  reaction 
between  uterus  and  embryo,  as  found  in  various  mammals,  that  the 
part  played  by  the  uterus  in  the  reproductive  cycle  is  somewhat  different 
in  various  species. 

TJie  corpus  luteuin.  The  cavity  fonned  by  the  rupture  of  the  Graafian 
foHicles  is  replaced  by  the  transfoi-mation  of  the  follicular  walls  into  a 
new  structure,  the  corpus  luteum.  The  obviously  important  character 
of  this  tissue,  or  organ,  has  given  rise  to  a  long  discussion  as  to  its  histo- 
genesis, which  is  now  definitely  closed,  or  at  least  turned  in  a  new  direc- 
tion, for  we  are  certain  that  the  bulk  of  the  lutein  tissue  is  produced  by 
enlargement  (without  multiplication)  of  the  cells  of  the  granulosa  of  the 
follicle.  Exactly  what  becomes  of  the  theca  interna  during  formation 
of  the  corpus  luteum  is  still  uncertain,  or  perhaps  is  different  in  various 
species ;  it  has  been  described  as  becoming  converted  into  the  fibroblasts 
of  the  young  corpus  luteum  (72)  in  the  mouse;  as  degenerating  in  situ 
more  or  less  completely,  early  or  late  in  the  life  of  the  corpus  luteum 
(maraiot)  (78) ;  (man)  (49) ;  as  becoming  indistinguishably  merged  with 
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the  granulosa  lutein  cells  (bat)  (77) ;  and-  as  remaining  as  a  special  cell- 
tj'pe  intermingled  with  the  gi'anulosa  lutein  cells  throughout  the  life  of 
the  corpus  luteum  (pig)  (10).^ 

Within  three  to  seven  days  after  ovulation  the  corpus  luteum  has 
become  completely  organized  into  a  body  which  by  reason  of  its  epithe- 
lioid type  of  sti-ueture,  consisting  of  lipoid-laden  cells  bordered  every- 
where by  large  capillaries,  has  become  recognized  (following  Born,  as 
quoted  by  Fraenkel  (16)  and  Prenant  (57)  as  resembUng  the  endocrine 
glands.  This  recognition,  however,  rests  merely  upon  general  appear- 
ances, since  rather  extensive  cytological  and  microchemical  studies  have 
left  us  without  proof  of  any  constant  or  specific  cellular  element  or 
secretion  peculiar  to  this  tissue.  The  cell-inclusions  described  by 
Regaud  and  Policard  (59),  Van  der  Stricht  (77),  Ccsa-Bianchi  (7), 
Drips  (13)  and  others,  are  in  the  reviewer's  opinion  not  of  specific 
nature;  similar  lipoidal  granulations,  of  equally  problematical  signifi- 
cance, occur  in  other  endocrine  tissues. 

If  conception  follows  ovulation,  the  corpus  luteum  of  that  ovulation 
persists  throughout  pregnancy;  but  if  the  ovum  remains  unfertilized,  the 
corpus  luteum  (in  most  species)  survives  a  nuich  briefer  time.  In  the 
pig  (11),  rabbit  (56)  and  guinea  pig  (37),  degeneration  takes  place  after 
about  fifteen  days;  in  the  dog  (47)  it  is  said  to  persist  as  long  as  one 
month.  Although  the  species  are  few  in  which  the  duration  of  the  corpus 
luteum  has  been  worked  out  with  accuracy,  we  have  enough  information 
to  ju.stify  two  conclusions:  first,  that  in  all  known  spocios  the  corpus 
luteum  of  a  non-fertilized  ovulation  persists  at  least  as  long  as  the  time 
required  by  the  embryos  of  the  same  species  to  become  implanted  in  the 
uterine  cavity;  second,  with  only  two  known  exceptions  (the  rat  and  the 
mouse)  the  corpus  luteum  always  l)ogins  to  retrogress  before  the  occur- 
rence of  a  new  ovulation  and  the  consequent  production  of  a  new  corpus 
luteum.  In  the  case  of  the  rat  and  the  mouse  it  is  true  that  the  corpora 
persist  so  long  that  the  ovaries  ult  imately  contain  many  successive  crops 
of  undegenerate  corpora  lutea  at  one  time,  but  even  here  it  has  been 
shown  by  an  ingenious  methoci  of  Long  and  Evans  (41),  (iniuking  the 
living  coriK)ra  with  vital  <lyes)  tiuit  there  are  eytologieal  elumges,  pre- 
sumably of  rotrogroHsive  nature,  which  take  place  in  each  set  of  corpora 
luten  before  the  production  of  a  new  set. 

In  fonner  yearn  there  was  an  extensive  debate  as  to  the  existence  and 
significance  of  anatomical  differenceH  between  the  corpus  luteum  of 

'  RcAdr>rii  who  wiiih  to  purNue  tho  litoruturc  of  tluM  Mul>jcct  further  arc  rcrcnt'ii 
tothr  lant-citedworkof  thorovicwor  (10)  fnrn  dot  ailed  ItihlioRrnphy. 
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pregnancy  (so-called  "corpus  luteum  verum")  and  that  of  an  unfertilized 
ovulation  ("c.l.  spurium").  Now  that  we  know  something  of  the  life 
span  of  the  corpus  luteum,  it  is  clear  that  there  is  but  one  type,  which 
however  may  undergo  either  of  two  fates, — retrogression  or  persistence, 
— according  to  the  fate  of  the  ovum.  A  corpus  which  persists  during 
several  months  of  pregnancy  will  naturally  differ  in  cytological  detail 
from  the  younger  stages  of  its  existence.  Thus  the  present  writer  (9) 
has  been  able  to  recognize  a  series  of  changes  in  the  lipoid  content  of  the 
lutein  cells  of  the  swine  by  which  stages  of  pregnancy  may  be  distin- 
guished, but  which  (excepting  the  earliest  changes)  are  not  developed  in 
the  corpora  lutea  of  unfertilized  ovulation.  J.  W.  Miller  (53)  has  also 
described  differences  in  lipoids  and  in  calcium-content  in  the  two  varieties 
of  the  human  corpus  luteum.  In  swine,  and  apparently  also  in  man, 
the  corpora  lutea  continue  to  grow  in  size  for  a  time  after  implantation 
of  the  embryo,  and  hence  they  reach  a  slightly  larger  diameter  than  those 
which  grow  but  two  weeks :  and  in  swine  at  least  they  develop  a  heavier 
framework  of  connective  tissue.  It  is  therefore  possible  for  an  experi- 
enced observer  to  determine  by  microscopic  study  of  a  sow's  corpora 
lutea  whether  or  not  there  is  a  pregnancy  of  the  second  month  or  later, 
but  the  corpora  lutea  of  earlier  stages  are  not  distinguishable  as  to  preg- 
nancy or  non-pregnancy.  What  has  just  been  said  is  confirmed  by  the 
exact  work  of  Long  and  Evans  (41)  upon  the  albino  rat,  except  that  in 
this  species,  as  in  other  rodents,  the  regular  occurrence  of  an  ovulation 
about  one  day  after  parturition  gives  rise  to  a  third  form  of  the  corpus 
luteum,  the  so-called  corpus  luteum  of  lactation,  which  again  is  not 
fundamentally  different  from  the  others,  but  can  be  distinguished  by 
differences  in  size  and  the  dimensions  of  the  lipoidal  granules  in  the  lutein 
cells. 

Function  of  the  corpus  luteum.  We  may  pass  over  the  numerous 
older  conjectures  as  the  function  of  the  corpus  luteum,  none  of  which 
found  any  practical  confirmation  until  Fraenkel  (16),  (17),  (18)  began 
to  develop  the  ideas  which  had  been  given  him  as  a  death-bed  legacy  by 
his  teacher,  the  Breslau  embryologist,  Gustav  Born.  Born  had  noticed 
that  well-developed  corpora  lutea  are  found  only  in  animals  which 
possess  a  genuine  placentation;  in  the  monotremes  (and  as  he  incorrectly 
supposed,  the  marsupials)  there  is  no  corpus  luteum.  Furthermore,  the 
corpus  luteum  of  the  placental  mammals  attains  its  development  at  the 
very  time  when  the  embryo  is  becoming  attached  to  the  uterus.  Born 
suggested  therefore  that  the  corpus  luteum  is  the  source  of  an  internal 
secretion  by  which  the  uterus  is  prepared  for  the  reception  and  imbedding 


464  GEORGE   W.    CORNER 

of  the  ovum.  At  the  time  of  Born's  reflections  upon  this  hypothesis 
there  was  only  one  available  observation  which  suggested  the  actual 
existence  of  such  a  preparation  of  the  uterus  for  implanting  the  ovum, 
namely,  that  in  those  animals  which  possess  a  placentation  characterized 
by  true  decidua  formation  (man  and  rodents)  the  production  of  decidual 
cells  from  the  uterine  stroma  is  begun  almost  in  the  first  days  of  preg- 
nancy or  by  the  beginning  of  the  second  week.  It  had  been  more  or  less 
taken  for  granted  that  the  inception  of  the  decidual  changes  was  due  to  a 
stimulus  arising  from  the  embiyo  itself;  but  Bom  pointed  to  the  occur- 
rence of  decidual  changes  in  the  uterus  in  tubal  pregnancy  and  to  other 
facts  which  seemed  to  him  to  indicate  the  dependence  of  the  decidual 
preparation  upon  some  outside  influence,  supposedly  the  corpus  luteum. 

Fraenkel,  m  planning  an  experimental  test  of  Born's  liypothesis,  chose 
to  use  the  rabbit,  since  at  that  time  the  early  embiyology  of  this  species 
had  been  more  closely  followed  than  that  of  any  other  mammal.  It  was 
clearly  known  that  attachment  of  the  embiyo  occurs  about  seven  days 
after  ovulation,  and  that  the  placentation  is  of  a  decidual  type.  There 
was  no  further  information  about  anatomical  changes  in  the  rabbit's 
uterus,  serving  to  facilitate  implantation;  but  assuming  such  a  mechan- 
ism, then  according  to  Born's  hypothesis  removal  of  the  ovaries  or  of  the 
corpora  lutea  alone  during  the  critical  six  days  between  ovulation  and 
implantation  should  prevent  the  attachment  of  the  embiyos.  In  some 
of  Fraenkel's  experiments  both  ovaries  were  ablated,  with  control  by 
removal  of  one  ovary  alone;  in  others  he  cauterized  the  corpora  lutoa 
alone,  controlling  this  procedure  by  similar  tramnato  other  parts  of  the 
ovary  without  damage  to  the  corpora  lutea.  The  results  uniformly 
confirmed  the  dependence  of  implantation  upon  integrity  of  the  coi-pora 
lutea,  for  all  the  control  animals  of  a  large  series  became  pregnant  anil 
all  those  from  which  the  corpora  lutea  were  totally  extirpated  failed  to 
become  prcgnant.  The  oiitcome  of  tliis  brilliant  exiierinioni  has  never 
been  seriously  questioned,  and  indeed  was  promptly  confinued  by  Mar- 
shall and  Jolly  (48)  in  a  few  experiments  on  dogs  and  rats,  and  by 
Niskoubina  (aCi)  in  rabbits. 

An  equally  important  experimental  step  warf  taken  in  1*.)U7  l)y  Leo 
Loeb  (36),  when  he  conceived  the  idea  that  the  maternal  portion  of  the 
placenta  (i.e.,  the  dccidiial  tissue)  may  be  i)n)(iu(M'(l  by  the  stimulus  of 
the  ova  acting  upon  an  endometriiua  sensitized  for  pregnancy  by  the 
action  of  the  corpus  luteum.  Using  the  guinea  pig  for  his  experiments, 
Loch  exposed  the  uUtum  on  the  seventh  day  following  an  unfeiiilized 
ovulation  (at  which  time  the  en  il>i\<.s  li-td  1  hey  been  present,  would  have 
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been  about  to  attach  themselves)  and  placed  within  the  uterine  cavity 
a  small  foreign  body  such  as  a  piece  of  glass.  Within  four  days  the  site 
of  such  a  trauma  was  marked  by  growth  of  a  tumor  of  the  endometrium 
composed  of  decidual  tissue.  In  its  simplest  form  this  beautiful  experi- 
ment could  be  performed  by  simply  scratching  the  endometrium 
at  the  proper  time  of  the  cycle.  Loeb  found  that  he  could  not  produce 
deciduomata  at  other  times  of  the  cycle  than  the  first  week  after  ovula- 
tion, and  that  removal  of  the  ovaries  or  cauterization  of  the  young 
corpora  lutea  also  prevented  the  development  of  the  artificial  deciduo- 
mata. Loeb's  experiment  has  been  confirmed  for  the  albino  rat  by 
Frank  (19),  by  Corner  and  Warren  (12)  and  by  Long  and  Evans  (41). 
The  last  named  writers  have  given  a  full  analysis  of  the  physiological 
conditions  necessary  for  successful  performance  of  the  experiment  in  the 
rat.  Gasbarrini  (20),  Biedl,  Peters  and  Hofstatter  (5)  and  Hammond 
(24)  have  also  found  no  difficulty  in  repeating  it  in  the  rabbit.  Kraintz 
(32)  undertook  the  same  experiment  in  dogs,  in  which  the  placenta  does 
not  contain  decidual  cells,  and  in  one  case  succeeded  to  the  extent  that 
he  produced  by  traumatizing  the  endometrium  at  the  proper  time  of  the 
cycle  not  a  decidual  tumor,  but  a  simpler  alteration  of  the  endometrium 
closely  similar  to  that  which  occurs  in  the  placentation  of  this  species. 
Passing  on  to  mammals  such  as  the  ungulates,  which  have  a  still  simpler 
placentation,  with  little  or  no  maternal  contribution  to  the  placenta,  we 
should  expect  no  decidua  formation  nor  any  other  reaction  of  the 
endometrium  as  a  result  of  Loeb's  experiment,  but  so  far  no  test  has 
been  made  in  these  animals. 

The  uterine  cycle.  Just  after  publication  of  Loeb's  work  a  third  funda- 
mental addition  to  our  ideas  about  the  reproductive  cycle  was  contrib- 
uted from  the  Vienna  gynecological  clinic  by  Hitschmann  and  Adler  (29) 
in  a  study  of  the  histology  of  the  human  uterus.  The  Viennese  workers 
were  able  to  clear  up  a  confusingly  divergent  mass  of  histological  data 
by  the  simple  procedure  of  studying  specimens  not  chosen  at  random  but 
classified  by  stages  of  the  menstrual  cycle.  In  l^rief ,  they  found  the 
endometrium  in  constant  change  throughout  the  cycle,  and  they  de- 
scribed especially  a  period  occupying  a  week  or  more  previous  to  the  onset 
of  the  menstrual  flow,  during  which  there  is  increasing  hypertrophy  and 
complexity  of  the  glands,  engorgement  of  the  stroma,  and  conversion  of 
the  connective  tissue  into  cells  resembling  the  early  decidual  elements. 
These  changes  at  their  height  resemble  very  closely  the  earliest  decidual 
changes  of  pregnancy.  Without  reference  to  events  in  other  mammalia, 
and  lacking  of  course  all  knowledge  as  to  the  relation  of  ovulation  to  the 
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menstrual  cj-cle  in  man,  Hitschmann  and  Adler  proposed  as  their  hy- 
pothesis that  the  premenstrual  changes  represent  a  preparation  for  the 
reception  of  an  ovum  discharged  and  fertilized  at  some  unspecified 
previous  time  in  the  cj'cle,  and  that  actual  implantation  takes  place  in 
the  lat«  premenstrual  stage.  This  work  was  done  as  a  study  in  pathol- 
ogy rather  than  as  a  contribution  to  physiology;  and  although  it  has 
been  repeatedly  confinned,  it  did  not  at  once  influence  workers  in  the 
general  physiology  of  reproduction.  Indeed,  what  little  information  was 
then  extant  as  to  changes  in  the  uteri  of  other  mammalia  in  connection 
with  the  reproductive  cycle  and  with  the  actuallj'  known  progress  of 
the  ova  in  these  species,  was  not  in  accord  with  Hitschmann  and  Adler's 
hypothesis.  The  evidence  even  seemed  to  indicate  that  menstruation 
precedes  the  time  of  ovulation.  Marshall  (43),  (44),  studjdng  the  sheep 
and  ferret  (Mustelus  puiorius),  and  Marshall  and  Jolly  (47)  studying  the 
dog,  had  seen  alterations  in  the  endometrium  dining  the  prooestrous 
period,  characterized  by  degeneration  and  even  desquamation  of  the 
epithelium  and  by  engorgement  of  the  blood  vessels,  which  in  the  dog 
went  on  to  form  hemorrhages  in  the  subepithelial  stroma  and  even  to 
cause  hemorrhagic  discharge  from  the  vagina;  ovulation  did  not  occur 
until  these  events  were  finished.  Influenced  by  Heape's  theory  that 
menstruation  in  the  human  is  homologous  with  prooestrus  in  other 
mammals,  Marshall  and  Jolly  considered  that  the  degenerative  changes 
desciibed  by  them  were  similar  to  mensti-uation  in  the  human,  and  there- 
fore that  ovulation  in  the  human  must  follow  menstruation;  and  assumed 
in  this  paper  that  the  carnivore  and  ungulate  utcii  pass  after  ovulation 
into  an  inactive  state,  the  "metoestrus"  of  Heape.  Keller  (30),  how- 
ever, studying  in  1909  the  dog's  uterus  anew,  found  after  the  prooestrous 
changes  (in  which  he  saw  nmch  less  degeneration  than  indicated  by 
Marshall  and  Jolly)  a  further  series  of  postoestrous  changes  including 
hypertrophy  of  the  glands,  increased  comiilcxity  of  the  surface  foldings 
of  the  endometrium,  engorgement  of  the  stroma  and  hypertropiiy  of  the 
stroma  cells ;  he  believed  these  changes  to  be  in  general  similar  to  those 
seen  in  the  human  uterus  by  Hitschmann  and  Adler,  and  he  fell  that  the 
parallelism  between  the  species  bore  out  t  ln'  funcf  jonal  conception  which 
they  had  imafnned. 

In  1010  Ancel  and  Bouin  (2),  apparently  at  the  time  unaware  of 
HitHchmunn  and  Adh-r's  and  of  Kelh^r's  studies,  began  the  work  of 
piacinK  a  morphological  foundation  under  Fraenkel's  and  Loeb's  results 
by  deinon.strnting  the  oci'urrcnce  of  actual  changj's  in  the  rodent  utciua 
ronconiiiuritlv  wifli  ihe  development  of  the  corpora  lutea.     It  will  bo 
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remembered  that  in  the  rabbit  there  is  no  -spontaneous  o\ailation,  and 
hence  no  formation  of  corpora  lutea,  except  after  coitus.  Ancel  and 
Bouin  permitted  rabbits  to  mate  with  males  steriHzed  by  vasectomy,  and 
thus  secured  the  development  of  corpora  lutea  without  pregnancy. 
Under  these  conditions  the  uterus  was  found  to  become  enlarged  and 
hyperemic;  its  epithelium,  both  superficial  and  glandular,  underwent 
mitotic  proliferation,  and  the  glands  increased  their  complexity  of 
ramification  until  there  was  produced  a  considerable  alteration  of  texture 
which  Ancel  and  Bouin  interpreted  as  indic?ating  a  preparation  for 
implantation.  These  changes  were  found  to  reach  their  maximum 
about  the  eighth  day  after  ovulation,  and  were  followed  by  retrogressive 
changes  from  about  the  tenth  day  onward,  until  at  the  twenty-fifth  day 
the  uterus  had  returned  to  the  resting  condition. 

Hill  and  O'Donoghae  (28)  studied  the  reproductive  cycle  of  a  mar- 
supial, Dasyurus  viverrinus,  in  which  there  occurs  once  each  year  a  period 
of  oestrus  followed  by  a  spontaneous  ovulation.  They  found  a  series  of 
changes  in  the  uterus,  beginning  even  before  oestrus  and  continuing  after 
ovulation,  characterized  by  hypertrophy  and  hyperemia  of  the  endome- 
trium, with  increase  of  its  vascularity  and  proHferation  of  the  superficial 
and  glandular  epithelium.  Since  these  changes  occurred  whether  or 
not  the  animal  became  pi-egnant.  Hill  and  O'Donoghue  were  led  to  con- 
sider them  a  mechanism  for  preparing  the  uterus  for  implantation, 
following  upon  an  ovulation  and  formation  of  the  corpora  lutea;  they 
applied  the  name  of  "pseudopregnancy"  to  the  state  brought  about  by 
the  action  of  this  mechanism  in  the  absence  of  fertilization.^ 

About  the  same  time  Leo  Loeb  (38)  described  the  uterine  cycle  of  the 
guinea  pig,  which  he  had  previously  found  to  ovulate  spontaneously 
every  fifteen  to  nineteen  days.  He  found  that  in  this  animal  oestrus 
is  accompanied  by  a  migration  of  leucocytes  from  the  uterine  blood 
vessels  through  the  epithelium,  with  the  occurrence  of  vacuolar  degener- 
ation in  the  epithelial  cells.  Following  this  there  is  a  wave  of  mitosis 
in  the  superficial  and  glandular  epithelium  and  in  the  stroma,  which 
reaches  its  height  and  ceases  about  the  sixth  day,  or  just  before  the 
time  at  which  Loeb  had  previously  found  the  endometrium  sensitized 
for  the  production  of  deciduomata.  These  changes  are  identical  with 
those  of  the  first  week  of  pregnancy.  If  the  young  corpora  lutea  are 
excised,  the  endometrial  changes  are  inhibited  until  a  new  ovulation 
takes  place.     The  cycle  of  the  guinea  pig  is  therefore  an  alternation  of 

^  It  seems  preferable  to  avoid  the  suggestion  of  falsity  or  imitation  inherent 
in  the  prefix  -pseudo,  by  using  the  terms  progravid,  progestational. 
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uterine  activity'  and  retrogression,  following  the  cycle  of  the  corpora 
lutea. 

In  1917  Marshall  and  Hainan  (46)  took  up  the  events  of  the  dog's 
cycle  once  more  and  followed  it  into  the  postoestrous  stage,  confirming 
and  extending  the  description,  given  by  Keller  (30),  of  endometrial 
growth  changes  following  ovulation;  they  showed  moreover  that  the 
development  and  retrogression  of  these  changes  are  correlated  with  the 
cycle  of  the  corpus  luteimi.  In  this  paper  Marshall  dropped  his  former 
theory-  of  a  homology  between  prooestiiis  and  menstruation  in  favor  of 
a  view  which  assumes  that  in  some  way  menstioiation  represents  both 
a  prooestrous  and  a  postoestrous  degeneration  condensed  into  one. 

The  same  year  saw  the  publication  of  an  important  account  of  the 
guinea  pig's  cycle  by  Stockard  and  Papanicolaou  (74) ,  who  called  atten- 
tion to  the  occurrence,  at  the  time  of  ovulation,  of  a  series  of  histological 
alterations  in  the  epithelium  of  the  reproductive  tract,  especially  in  the 
uterus  and  vagina.  In  the  vagina  there  is  first  a  desquamation  of  large 
quantities  of  epithelial  cells,  and  then  a  diapedesis  of  leucocytes  into 
the  lumen,  so  that  by  the  observation  of  smears  made  from  the  vaginal 
secretion  it  is  readily  possible  to  follow  the  cycle  and  to  determine 
the  day  of  ovulation.  In  the  uterus  there  are  at  this  time  vacuolar 
degenerations  of  some  of  the  epithelial  cells,  going  on  even  to  desquama- 
tion of  cells  or  patches  of  epitheliiun;  leucocytes  migrate  from  the  endo- 
metrial vessels  and  there  may  be  small  hemorrhages  into  the  lumen. 
We  are  still  uncertain  as  to  the  physiological  significance  of  these  changes 
in  the  vagina  and  endometrium.  Stockard  and  Papanicolaou  thought 
them  to  resemble  human  menstruation;  but  whether  or  not  this  inter- 
pretation is  correct,  the  vaginal  changes  serve  to  give  us  for  the  first 
time  a  means  of  following  the  individual  cycles  of  living  rodents,  and 
hence  are  already  opening  up  in  American  laboratories  a  promising  field 
of  research.  The  recent  studies  of  Evans  and  Bishop  (15)  on  the  rela- 
tionship of  diet  to  the  ovulation  cycle  indicate  the  possibilities  afforded 
by  Stockard  and  Papanicolaou's  discovery. 

Since  vpr>'  little  is  known  about  the  actual  histology  of  the  utcMus 
during  the  first  days  of  pregnancy  in  any  species,  the  histological  workers 
have  in  general  merely  assumed  that  the  postoestrous  changes  which  they 
li.i\  ••  obwrved  are  lu-t  uully  in  the  nature  of  adaptations  for  implantation. 
I  !;'•  reviewer  (II)  uinlrrlook  to  test  this  point  for  one  species  at  l(>aKt, 
choofiing  the  domcMtic  pig  because  of  its  very  simple  placentation.  The 
work  involved  folUiwing  in  exact  detail  the  ovarian  cycle,  the  progress 
of  tlic  ova  and  early  embryos,  and  the  histological  cliangcs  of  llic  uterus 
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during  the  cycle  and  in  early  pregnancy.  The  results  were  so  clear-cut 
as  to  serve  almost  as  a  diagram  of  the  mammalian  reproductive  cycle 
as  we  are  now  beginning  to  understand  it.  In  this  species  oestrus  occurs 
at  intervals  of  twenty-one  days.  Prooestrous  enlargement  of  the  folli- 
cles is  accompanied  by  changes  in  the  endometrium  practically  similar  to 
those  described  byStockard  and  Papanicolaou;  during  the  development 
of  the  follicles  and  then  of  the  corpora  lutea  there  is  a  wave  of  cell  division 
in  the  endometrium;  then  as  the  early  embryos  are  being  transported  and 
spaced  within  the  uterus  the  epithelial  cells  assume  a  high  columnar 
arrangement,  as  if  entering  a  secretory  phase.  Next  there  is  a  stage  in 
which  the  epithelium  is  roughened  upon  its  surface  by  the  extrusion  of 
cytoplasmic  processes;  this  stage  lasts  exactly  as  long  as  the  period 
required  for  the  actual  attachment  of  the  chorions.  Up  to  this  point 
(the  fifteenth  day)  the  process  is  the  same  whether  or  not  the  sow  has 
been  impregnated,  but  if  she  is  not  pregnant  the  corpus  luteum  suddenly 
retrogresses  and  with  it  the  uterine  epithelium  returns  without  obvious 
destruction  to  the  prooestrous  stage  as  new  follicles  develop.  There  are 
parallel  changes  in  the  glands,  but  on  the  whole  the  alterations  are 
mostly  in  the  epithelium,  probably  because  the  pig  has  a  diffuse  super- 
ficial placentation;  in  mammals  with  more  complex  placentation  the 
stroma  and  glands  of  the  uterus  are  called  upon  for  a  greater  share  in 
the  pronidational  changes.  An  almost  exactly  similar  cycle  in  the  cow 
has  since  been  described  by  Zietschmann  (81),  although  without  data  as 
to  the  progress  of  the  ova  and  embryos. 

The  studies  of  Long  and  Evans  on  the  albino  rat  (monograph  (41)  in 
1922  after  numerous  preliminaiy  studies)  are  of  extraordinary  fulness 
and  interest.  By  application  of  Stockard's  methods  they  have  deter- 
mined the  rat's  cycle  to  be  of  but  four  to  six  days'  duration.  During 
this  time  there  is  a  periodic  alternation  of  histological  changes  in  the 
uterus  and  vagina,  following  the  maturation  of  follicles  and  the  develop- 
ment of  corpora  lutea;  but  the  frequent  renewal  of  ovulation  seems  to 
cut  short  the  full  development  of  these  changes.  However,  if  a  copula- 
tion occurs,  the  next  ovulation  is  inhibited,  and  the  corpora  lutea  persist 
without  interruption;  in  this  case  the  genital  tract  undergoes  the  altera- 
tions of  pregnancy.  If  copulation  be  imitated  by  the  insertion  of  a  glass 
rod  into  the  cervix  uteri  at  the  time  of  oestrus,  then  the  same  inhibition  of 
ovulation  occurs,  and  the  genital  tract  undergoes  alterations  resembling 
thofee  seen  in  pregnancy.  This  statement  is  based  chiefly  on  Long  and 
Evans'  description  of  the  vaginal  cycle ;  they  have  not  yet  followed  the 
uterine  changes  in  the  period  following  artificial  prolongation  of  the  cycle, 
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but  Aey  have  found  that  it  is  onlj-  in  such  a  period  that  artificial 
deciduomata  can  be  regular!}'  produced  by  Loeb's  experiment.  The 
rat's  cycle  as  worked  out  by  these  authore  represents  therefore  a  higlily 
specialized  speeding  up  of  the  ovulation  rate,  with  the  development  of  a 
peculiar  mechanism  by  which,  in  the  event  of  mating,  time  is  neverthe- 
less provided  for  the  development  of  the  same  series  of  post-oestrous 
physiological  reactions  which  is  seen  in  other  mammalia. 

Other  mechanisms  of  the  cycle.  Recent  investigations  have  begun  to 
reveal  the  existence  of  other  mechanisms  at  play  in  the  complicated 
process  of  reproduction.  There  is  a  cycle  of  histological  change  in  the 
Fallopian  tube,  long  suspected,  but  not  fully  studied  in  systematically 
dated  material.  Snyder  (71)  has  recently  followed  the  cjxle  of  the  pig's 
Fallopian  tube,  and  has  described  a  sequence  of  changes  m  the  epithe- 
lium parallel  with  the  ovarian  cycle.  Observations  of  Moreaux  (55) 
and  others  on  the  rabbit's  tube  indicate  the  occurrence  there  of  still 
more  elaborate  processes  of  secretory  nature,  probably  concerned  with 
producing  the  mucoid  coating  with  which  the  ovum  is  provided  in  this 
species.  Another  important  field  seems  to  be  opening  out  of  the  work  of 
Blair  (6),  Keye  (31)  and  Seckinger  (68),  who  have  discovered  cyclic 
variations  in  the  spontaneous  activity  of  the  uterine  and  tubal 
musculature.  As  Keye  and  Seckinger  have  traced  them  in  the 
pig,  these  variations  follow  with  impressive  regularity  the  cycle  of  the 
ovary.  A  strip  of  the  tubal  or  uterine  wall,  suspended  in  oxygenated 
Ix)cke's  solution,  continues  to  undergo  regular  contiactions  in  vitro. 
Since  these  contractions  change  in  rate  and  amplitude  throughout  the 
cycle,  the  resultant  curve  is  characteristic  for  each  stage.  For  instance, 
a  particular  type  of  contraction  wave,  characterized  by  an  undulating 
alternation  of  large  and  small  excursions,  is  obtained  from  the  tub.(^ 
when  the  ova  arc  in  passage  through  the  tubal  canal  and  from  the  uterus 
a  few  days  later  when  the  degen^rating  ova  or  earlj''  embryos  ar(>  in  the 
uterine  cavity.  The  significance  of  this  contraction  cycle  can  only  be 
conjectured ;  Keye  and  Seckinger  suggest  the  possibility  that  it  represents 
a  mechanism  for  transportation  of  the  ova  and  spacing  of  the  embryos 
in  the  uterus.  Tlu»  reviewer,  with  Seckinger,  hius  in  preparation  the 
description  of  an  exacrtly  similar  cycle  in  the  tube  of  the  rhesus  monkey. 

Through  the  Ktudies  of  Ancel  and  Houin  {'^)  it  is  known  that  there  are 
f»roliferativc  changes  in  th(«  nwunniary  gland  parallel  with  tlu^  (lev(»lop- 
mint  of  the  corpus  hit<>um.  This  work  done  on  the  rabbit  has  been  con- 
finncd  l)y  Iluminond  and  Marshall  (25).  In  .sp«'cies  with  spontaneous 
ovulation    '""!  ^»"'--  with  jwriodir  n«'\v  fnnnution  of  <*oi"pnrM  Itil.ca,  it. 
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appears  that  the  mammary  gland  participates  in  each  cycle,  by  vascular 
congestion  and  proliferation  of  its  acini  (39),  (40).  No  doubt  a  similar 
process  is  responsible  for  the  premenstrual  mammary  discomfort,  com- 
mon in  women. 

In  spite  of  their  many  gaps  and  differences  the  contributions  which  we 
have  reviewed  have  led  us  to  a  clear  phj^siological  conception  of  the 
reproductive  cycle.  Diagrammatically  expressed,  the  growth  of  the 
follicle  is  accompanied  by  sexual  activity  and  by  prooestrous  changes 
in  the  genital  tract ;  after  ovulation  the  corpus  luteum  brings  about  the 
progestational  alterations  in  the  tube,  uterus  and  mammary  glands. 
Omission  of  pregnancy  and  consequent  early  retrogression  of  the  corpus 
luteum  is  followed  in  some  animals  by  a  long  resting  stage  (anoestrus), 
in  others  by  a  brief  interval  (dioestrus) ,  in  still  others  by  premature  onset 
of  a  new  ovarian  cycle.  In  most  animals  these  mechanisms  occur  in  full 
at  each  ovulation;  in  others,  as  the  rat  and  rabbit,  there  are  special 
modifications  by  which  the  events  of  the  progestational  period  are  cut 
short.  This  conception,  pieced  together  from  many  species  by  varioas 
means,  is  at  the  moment  passing  from  the  status  of  hypothesis  to  that  of 
demonstrated  fact;  but  much  remains  obscure.  The  post-oestrous 
modifications  are  perhaps  most  clearly  comprehensible  and  subject  to 
correlation;  at  least  the  differences  between  species  are  theoretically 
explainable  by  known  differences  in  placentation.  A  greater  problem 
is  presented  by  the  prooestrous  changes  of  the  uterus.  It  happens  that 
those  species  about  which  several  observers  agree  in  the  description  of 
vacuolar  degenerations,  leucocytosis  and  mitosis  in  the  epithelium  at  this 
stage,  are  all  animals  with  rapid  cycles,  in  which  new  follicles  ripen  at 
once  after  degeneration  of  the  corpora  lutea;  thus  it  is  not  clear  which  of 
the  prooestrous  changes  are  correlated  with  the  retrogressing  corpus 
luteum  and  which  with  the  new  follicle  and  oestrus.  The  importance  of 
this  matter  is  obvious  in  connection  with  menstruation. 

Binallj',  it  will  be  seen  that  our  information  is  chiefly  in  the  nature  of  a 
chronological  correlation  between  the  outward  events  of  the  cycle,  the 
ovarian  and  uterine  changes,  and  the  movement  and  implantation  of  the 
ova.  The  actual  causal  relationships,  endocrinal  or  otherwise,  between 
the  follicle  and  corpus  luteum  on  one  hand  and  the  uterus  on  the  other, 
are  as  yet  largely  unexplored. 

II.  The  human  cycle.  In  the  human  cycle  there  is  no  sharply 
defined  oesti-ual  period  to  serve  as  a  clue  to  the  moment  of  ovulation,  and 
moreover  the  occmTcnce  of  menstruation  adds  a  complicating  factor 
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present  only  in  the  higher  primates.  These  differences,  and  the  difficul- 
ties which  hamper  study  of  reproduction  in  om-  own  species,  have  left 
us  up  to  the  present  with  a  very  incomplete  knowledge  of  the  menstrual 
cycle.  Menstruation  itseff  is  variously  thought  (a)  to  be  an  independent 
or  interpolated  event  with  no  relation  to  ovulation ;  (6)  to  represent  oes- 
trus; (c)  to  be  a  prooestrous  event;  (d)  to  be  the  retrogressive  stage  of  the 
himian  cycle,  after  preparation  of  the  endometriimi  for  an  ovimi  which 
does  not  become  implanted.  The  heart  of  the  difficulty  obviously  lies 
in  our  ignorance  of  the  time-relation  of  ovulation  and  implantation  with 
respect  to  menstruation.  We  do  not  know,  bj^  any  direct  observation, 
when  the  primate  ovum  is  discharged ;  the  unfertilized  ovum  has  never 
been  observed  after  leaving  the  ovary,  nor  has  the  fertilized  egg  been 
seen  early  enough  to  give  us  any  infonnation  in  regard  to  the  earliest 
stages  of  implantation,  i.e.,  dm-ing  the  first  two  weeks.  Numerous 
efforts  have  been  made  to  estimate  the  rate  of  ovulation  with  reference 
to  menstruation  from  human  embryos  of  the  third  week  and  later.  The 
age  of  the  embryo  is  estimated  by  one  means  or  another,  and  the  date  of 
ovulation  is  calculated  backward  from  this.  Such  conjectures  have 
engaged  some  of  the  most  eminent  embryologists  (His,  Mall,  Teacher  and 
Bryce,  Grosser,  Von  Spee,  Triepel)*  but  the  results  have  variously 
placed  ovulation  at  any  and  every  stage  of  the  cycle.  The  method  is 
essentially  a  begging  of  the  question,  and  is  furthermore  dependent  upon 
scanty  material  and  takes  too  little  account  of  embryonic  retardation  and 
abnormality. 

It  i.s  sometimes  possible  to  obtain  in  connection  with  a  human  embryo 
or  child  an  exact  record  of  the  copulation  date.  The  date  of  ovulation 
calculated  from  such  a  record  would  of  course  in  the  other  mammalia  be 
the  same,  within  a  day  or  two,  as  the  copulation  date,  since  these  animals 
mate  only  near  the  time  of  ovulation;  but  in  man  the  calculation  of 
einljryonic  age  from  a  single  copulation  is  far  from  certain  and  indeed  is 
oftiin  in  (ii.sagreement  with  other  data  or  the  probabilitic's  of  the  ease. 
The  great  war  gave  to  German  obstetricians  a  singular  opportunity  to 
Htudy  the  relation  of  conception  to  the  menstrual  cycle.  Many  pr(^gnan- 
cie«  of  Koldierh'  wives  dated  from  brief  furloughs  of  their  husl)uii(is  from 
the  front.  Some  thou.sands  of  such  cases  were  colle(;ted  by  Siegel  (70) 
an<l  Prj'il  (58)  and  others  (sec  also  Zangeineister  (80)),  and  when  assem- 
l>led  gave  curvcH  showing  that  conception  may  result  from  mating  at 
»ny  (ftage  of  tho  cj'clc,  except  that  the  last  six  or  seven  days  pnM'cding 
menMtruation  arc  practically  stenle;  fertility  is  highest  abfiut  one  week 

•  For  liirrature  of  thi»  subject  see  Mall  U'i)  and  Trioppj  (75) 
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after  menstruation  and  falls  at  first  slowly  and  then  rapidly  as  the  last 
week  of  the  intermenstrual  period  approaches.  To  explain  such  a  result 
we  must  needs  assume  that  something  is  different  from  the  state  of 
affairs  in  other  mammals;  either  ovulation  may  occur  at  any  time  of  the 
menstrual  cycle,  or  else  the  germ  cells,  spermatozoa  or  ova,  or  both,  are 
able  to  survive  for  a  week  or  two  in  the  female  reproductive  tract  and 
then  take  part  in  zygosis. 

More  light  has  been  won  by  direct  study  of  the  ovaries.  A  mass  of 
earlier  work,  which  we  shall  pass  by,  was  based  on  the  ancient  hypothesis, 
still  widely  current  amo'ng  the  laity,  that  menstruation  is  homologous  with 
oesti-us;  but  among  the  medical  profession  this  notion  has  largely  given 
place  to  the  view  of  Leopold  and  his  colleagues  (33),  (34),  (35),  who 
gathered  together  a  large  number  of  human  ovaries  from  operations 
and  attempted  to  correlate  the  appearance  of  the  corpus  luteum  with  the 
menstrual  history.  These  workers  made  their  determinations  by  macro- 
scopic observation,  in  accordance  with  a  more  or  less  preconceived  idea 
of  the  corpus  luteum  as  it  was  supposed  to  appear  at  each  of  the  four 
weeks  of  the  cycle;  at  the  present  time,  although  we  are  still  largely 
ignorant  as  to  the  rate  of  organization  of  the  human  corpus  luteum,  we 
know  enough  of  the  facts  as  they  exist  in  other  animals  to  throw  great 
doubt  upon  the  value  of  Leopold's  criteria  for  determination  of  the  age 
of  corpora  lutea. 

Leopold  and  his  colleagues  believed  that  they  found  corpora  lutea  of 
various  ages  at  each  stage  of  the  menstrual  cycle,  and  therefore  they 
taught  that  there  is  no  close  correlation  between  ovulation  and  menstrua- 
tion; the  two  events  may  coincide  or  may  differ  widely  in  point  of  time. 
This  teaching,  although  sterile  as  regards  physiological  interpretation  of 
the  human  cj^cle,  has  found  numerous  supporters,  the  most  recent 
being  Schickele  (64) ;  but  it  should  be  noted  that  some  of  the  authors 
have  failed  to  distinguish  between  the  two  ideas  (a)  that  there  is  no 
correlation  between  ovulation  and  menstruation,  and  (6)  that  the  two 
events  are  merely  not  coincident.  There  is  a  tendency  to  assume  the 
first  of  these  statements  upon  proof  of  the  latter  alone. 

In  1902Fraenkel  (16),  (17),  (18)  began  the  exposition  of  his  conception 
of  the  corpus  luteum  cycle.  We  have  already  recounted  in  the  pre- 
ceding section  that  part  of  Fraenkel's  work  which  dealt  with  the  theory 
and  the  proof  that  the  corpus  luteum  is  an  organ  of  internal  secretion 
by  which  the  uterus  is  prepared  for  implantation  of  fertilized  ova.  This 
general  idea  was  accompanied  by  a  special  theory  of  the  human  cycle, 
which  Fraenkel  briefly  stated  as  follows:  a  follicle  grows,  ruptures  and 
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is  converted  into  a  corpus  luteum;  the  ovum  is  discharged  and  trans- 
ported through  the  tube;  meanwhile  the  uterus  undergoes  changes  pre- 
paratorj'  to  nidation  of  the  embryo,  by  which  it  attains  the  premenstrual 
type  of  structure.  The  premenstrual  stage  of  the  hvmian  is  thus  akin  to 
the  post-oestrous  stage  of  other  mammals.  If  fertilization  and  implan- 
tation do  not  occur,  the  endometrium  breaks  down  and  menstruation  is 
the  result.  This  hypothesis,  foreshadowed  by  the  older  conjectures  of 
Aveling,  Sigismund  and  Beard,  had  the  initial  merit  of  proposing  a 
definite  physiological  idea  subject  to  precise  investigation.  It  was  to 
find  almost  inmiediate  support  in  the  histological  observations  of  Hitsch- 
mann  and  Adler  which  we  have  already  quoted;  meanwhile  Fraenkel 
himself  undertook  to  test  it  by  renewed  observations  of  the  ovary  after 
the  method  used  by  Leopold  and  others.  However,  his  experimental 
work  on  the  rabbit  had  taught  him  the  dangers  of  macroscopic  examina- 
tion of  the  corpus  luteum,  and  he  therefore  made  no  attempt  to  diagnose 
other  than  "recent"  corpora  lutea  with  fresh  red  tissue  at  the  points  of 
follicular  rupture.  Moreover,  to  avoid  pathological  cases  he  made  his 
studies  during  hfe  by  direct  observation  of  the  undisturbed  ovaries  of 
women  subjected  to  laparotomy  for  conditions  other  than  those  of  a 
grave  gynecological  nature.  Ho  found  recent  corpora  lutea  only  during 
the  second  half  of  the  interval,  and  was  even  willing  to  name  as  the  aver- 
age date  of  ovulation  the  nineteenth  day  after  the  onset  of  four-weekly 
menstruation,  or  the  ninth  day  before  the  onset  of  the  next  period. 
The  corpus  luteum  he  behoved  to  reach  its  full  development  about  eight 
days  later,  to  begin  retrogression  at  the  onset  of  menstruation,  and  to 
di.sappear  at  the  end  of  this  period.  These  observations  were  confirmed 
by  AnccI  and  Villemin  (4),  who  placed  ovulation  however  twelve  days 
before  menstruation,  as  well  as  bj'^  various  pupils  of  Fraenkel,  the  latest 
of  whom  is  Tschirdewahn  (76).  Fraenkel  also  attemi)tod  a  physiological 
tct*t  of  his  theory  by  cauterization  of  the  corpus  luteum  in  women  sul)- 
jpctod  to  laparotomy  for  various  surgical  reasons.  In  his  hands  this 
proce<lure  resulted  in  postponement  of  tlie  next  menstruation  for  three 
to  eight  weeks.  Halban  and  Kohler  (23)  and  others  have,  on  the  con- 
trary, found  it  to  bring  on  m(»nstruation  witinn  a  few  days.  Such 
oxiierimoritH  and  the  discusHion  which  they  luive  aronsi^d  n^ganh'ng  the 
exact  caUMil  relation  of  tiie  corpus  luteum  to  menstruation  will  itnrdly 
afTord  exact  concluKJonK  until  we  arc*  in  a  position  to  extirpate  the  corpus 
at  much  more  procisely  datinl  stageH. 

Another  Ki^)up  of  workern,  reahzing  the  uncertainties  of  l)aro  macro- 
scopic Htudy  of  the  ovar>',  have  returned  to  the  examination  of  excised 
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organs  from  the  operating  room,  attempting  to  apply  both  the  histologi- 
cal criteria  of  the  corpus  luteum  recently  gained  from  other  species,  and 
the  newer  knowledge  of  the  uterine  cycle  as  introduced  by  Hitschmann 
and  Adler.  The  material  available  for  such  study  contains  almost  no 
specimens  which  would  be  accepted  by  workers  deahng  with  laboratory 
mammals,  but  after  discarding  the  graver  lesions  and  the  more  inaccurate 
histories  there  remain  a  few  specimens  comprising  both  ovaries,  the 
endometrium,  and  a  passable  menstrual  anamensis.  Robert  Meyer  and 
Carl  Rugc  II  (52)  were  able  to  assemble  106  specimens,  of  which  a  portion 
met  the  above  requirement.  Interpreting  the  ovaries  in  accordance 
with  R.  Meyer's  standardization  (49)  of  the  human  corpus  luteum  into 
stages  of  proliferation,  vascularization,  maturity  and  retrogression,  they 
found  that  there  is  a  fairly  high  correlation  between  the  stages  of  the 
corpus  luteum  and  the  stage  of  the  endometrium.  The  recent  corpus 
luteum  (stage  of  vascularization)  accompanies  the  early  premenstrual 
endometiium,  the  mature  corpus  luteum  accompanies  the  later  pre- 
menstrual endometrium,  and  retrogression  of  the  corpus  luteum  gener- 
ally begins  about  the  onset  of  menstruation.  In  their  first  papers  Meyer 
and  Ruge  placed  ovulation  in  the  first  half  of  the  interaienstrual  interval, 
most  commonly  during  the  first  postmenstrual  week,  but  later  Ruge 
(62),  (63)  modified  his  view  by  dating  ovulation  between  the  eighth 
and  fourteenth  day  after  onset  of  the  menstrual  flow.  Meyer  and  Ruge's 
correlation  between  the  stages  of  the  corpus  luteum  and  the  uterus  is 
in  general  convincing,  based  as  it  is  upon  objective  comparisons  between 
histological  preparations  and  in  no  way  dependent  upon  individual 
histories;  and  Ruge's  estimate  of  the  date  of  ovulation  seems,  Hke 
Fracnkel's,  at  least  an  approach  to  the  truth.  It  must  be  remembered, 
liowever,  that  for  want  of  actual  observation  of  the  human  ovum  we  are 
still  without  a  starting  point  for  determination  of  the  maturity  of 
follicles  and  the  age  of  corpora  lutea.  Any  dating  based  upon  a  classi- 
fication of  stages  of  the  corpus  luteum,  such  as  Robert  Meyer's,  involves 
an  assumed  comparison  with  other  forms,  and  hence  adds  another  possi- 
ble source  of  error  to  those  inherent  in  human  material  from  the  clinic, 
with  all  its  variation  in  age  and  pathological  condition.  The  effort  to 
calculate  backward  to  the  date  of  ovulation  from  the  anatomical  con- 
dition of  the  ovaries  is  thus  still  inaccurate,  though  great  advance 
has  been  made  over  Leopold's  methods.  No  destructive  criticism  is  in- 
tended here,  however,  for  it  is  after  all  the  especial  contribution  of 
the  modern  clinical  workers  in  this  field,  led  by  Fraenkel,  by  Meyer 
and  Ruge  and  by  Schroeder,  that  they  have  utilized  as  far  as  possible 
the  conceptions  already  learned  from  other  species. 
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Schroeder  (66), (67)  has  studied  about  100  cases  from  his  own  chnical 
material,  with  results  which  appear  to  the  present  reviewer  to  approxi- 
mate the  best  that  can  be  done  with  such  material  with  methods  avail- 
able at  present  to  the  chnical  laboratory.  His  descriptions  of  the  corpus 
luteum  are  in  rather  close  accord  with  the  experience  of  those  who  have 
studied  other  mammals  under  more  favorable  conditions,  and  he  appears 
to  have  done  much  to  eliminate  inaccuracies  due  to  cycles  of  abnormal 
duration  and  similar  causes.  Schroeder  concludes  that  rupture  of  the 
follicle  takes  place  at  about  the  fourteenth  to  the  sixteenth  day  after 
onset  of  menstrual  flow,  and  that  the  corpus  luteum  is  a  solid  structure 
within  three  to  five  days,  thus  reaching  matiu-ity  at  about  the  eighteenth 
or  the  twentieth  day  of  the  four-weekly  cj'cle.  The  corpus  luteum  may 
persist  into  menstruation,  but  is  undergoing  retrogression  by  the  end 
of  the  flow.  Just  as  described  by  Meyer  and  Ruge,  the  interdepend- 
ence of  the  corpus  luteum  and  the  endometrium  is  very  close,  the 
mature  corpus  always  being  found  in  association  with  a  premenstrual 
endometrium. 

The  gradually  increasing  accuracy  of  such  studies  has  suggested  the 
possibility  of  more  precise  examination  of  the  primate  ovary  along 
experimental  lines.  Reusch  (60),  assuming  the  occurrence  of  ovula- 
tion about  the  middle  of  the  interval,  took  advantage  of  two 
laparotomies  done  upon  women  who  were  menstruating  regularly,  to 
examine  the  ovaries  on  the  thirteenth  and  the  eleventh  day,  respectively, 
preceding  the  calculated  onset  of  menstruation.  In  each  case  he  found 
and  excised  a  corpus  luteum  which  proved  on  section  to  be  comparable 
with  the  earliest  stages  of  the  corpus  luteum  as  found  in  other  mammalia. 
Unfortunately  there  wa«  no  opportunity  to  study  the  endoinotriiini. 

The  present  reviewer  lias  in  preparation  the  preliminary  report  of  an 
experimental  attempt,  now  in  progress,  to  establish  the  ovulation  cycle 
of  a  priumtc,  Macacus  rhesus.  This  familiar  monkey  undergoes  men- 
Htrual  phenomena  to  all  appearances  quite  like  the  human,  with  a  cycle 
averaging  about  four  weeks.  During  the  present  year  it  has  twice  been 
posgibjc  to  diHCOver  the  ovum  in  progress  througii  the  reproductive  canal. 
Tliew  arc  the  first  authenticated  unfertilized  ova  of  priinjit(\s  yet  seen 
after  diHcharKe  from  the  ovary.  In  one  cjtse  the  animal  was  killed  al)()ut 
the  twelfth  day  before  the  onset  of  the  next  exp(«cted  menstruation;  the 
ovary  contained  a  recently  ruptured  follicle,  and  the  mature  ovum  was 
found  in  the  corrcHponding  Falloi)ian  tube.  The  endometrium  closely 
nliled  the  late  interval  Ktage  of  the  human  as  classified  by  llitschinan 
\ '"'•!•     The  leoond  macaciuc  was  killed  about  the  seventli  day 
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before  the  calculated  onset  of  menstruation;  there  was  a  large  solid  and 
niature  corpus  luteum,  and  the  ovum,  in  a  state  of  moderately  advanced 
degeneration,  was  found  in  the  uterine  cavity.  The  endometrium  was 
in  an  early  premenstrual  stage.  Examination  of  the  ovaries  at  other 
periods  of  the  cycle  showed  a  relation  of  follicles  and  corpora  lutea  to  the 
endometrial  cycle  which  bore  out,  at  least  in  fully  mature  animals,  the 
correlations  of  Meyer  and  Ruge  and  of  Schroeder. 

It  will  be  seen  that  by  these  studies  of  the  primate  cycle,  incomplete 
as  they  are,  we  have  advanced  beyond  the  conjectures  which  still  occupy 
much  of  the  literature,  and  that  we  cannot  be  far  from  the  truth  about 
the  time  of  ovulation  and  the  growth  of  the  corpus  luteum.  There 
is  less  to  say  as  yet  about  the  other  phase  of  the  human  cycle;  that  is, 
menstruation  and  the  retrogression  of  the  corpus  lutemn.  The  exact 
function  of  the  menstrual  hemorrhage  is  at  present  in  doubt.  The 
original  view  of  Fraenkel  (at  least  as  interpreted  by  his  earlier  readers) 
that  the  corpus  luteum  by  its  activity  brings  on  menstruation,  has  by 
almost  common  consent  been  reformulated  to  propose  that  it  is  the 
retrogression  of  the  corpus  luteum  which  causes  breakdown  and  hemor- 
rhage from  the  endometrium,  no  longer  subject  to  anabolic  stimuli  from 
the  lutein  cells.  If  the  ovum  be  fertilized,  it  is  assumed  that  the  embryo 
causes  persistence  of  the  corpus  luteum,  which  in  turn  continues  its 
progestational  effect  upon  the  endometrimn,  and  thus  postpones  men- 
struation. Menstruation  therefore  (though  by  no  means  an  abortion 
of  the  unfertilized  ovum,  as  it  is  sometimes  put)  is  on  this  theory  merely 
a  violent  demolition  of  the  premenstrual  uterine  edifice,  some  days  after 
the  expected  tenant  fails  to  arrive.  The  only  normal  outcome  of  an 
ovulation  is  pregnancy,  and  the  hemorrhage  is  viewed  as  a  pathological 
result  of  failure  in  this  respect.  I  have  mentioned  on  the  other  hand 
Schroeder's  findings  that  the  corpus  luteum  at  least  sometimes  does  not 
begin  degeneration  until  after  the  onset  of  menstruation.  One  or  two 
trustworthy  human  specimens  in  the  author's  small  collection  also  show 
the  corpus  luteum  still  undegenerated  (as  far  as  can  be  revealed  by  the 
ordinary  staining  technique)  on  the  first  days  of  menstruation.  It  is,  I 
believe,  not  beyond  conjecture  that  the  pronidational  preparation  of  the 
endometrium  goes  actually  to  the  verge  of  menstruation.  We  are  of 
course  ignorant  as  to  the  exact  relation  of  human  implantation  to  the 
cyclic  changes  of  the  ovary  and  uterus:  the  most  valuable  observation 
yet  at  hand  is  given  by  Grosser  (21),  in  a  spectacular  photograph  of  the 
Kleinhans  specimen,  which  shows  a  very  young  human  embryo  in  the 
earhest  stage  of  implantation,  upon  an  endometrium  which  is  typically 
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premenstrual.  Decidual  alteration  of  the  stroma  cells  is  just  beginning, 
and  there  are  a  few  red  blood  cells  in  the  stroma,  but  no  large  extravasa- 
tions. It  has  also  been  noted  in  connection  with  a  number  of  the 
earUer  human  embryos  (at  stages  slightly  later  than  the  Kleinhans  ovum) 
that  the  endometrial  glands  contain  blood  even  at  a  distance  from  the 
invading  trophoblast  (cf.  Von  Mollendorff  (54)).  In  many  pregnancies 
there  is  even  a  trace  of  vaginal  hemorrhage  at  the  first  lapsed  menstrual 
period.  My  conjecture  is  thus  that  in  order  to  provide  for  the  highly 
specialized  embryonic  implantation  of  primates,  with  its  opening  of  the 
maternal  blood  vessels  into  the  intervillous  spaces,  the  endometrial 
process  is  carried  so  far  as  even  to  cause  bleeding  into  the  tissues  during 
the  last  days  of  the  interval,  at  the  time  during  which  the  early  embryo 
is  to  be  implanted.  The  action  of  the  embryo  alters  the  latter  part  of  the 
process  so  as  to  inhibit  or  limit  the  hemorrhage;  but  if  no  embryo  be 
present  to  utilize  the  extravasation,  then  the  blood  escapes  into  the 
uterine  lumen  and  externally  visible  bleeding  occurs.  Such  a  hypothesis 
seems  to  render  the  menstrual  process  something  more  than  a  pathologi- 
cal wastage,  and  also  suggests  a  reason  for  its  total  absence  in  species 
which  have  less  specialized  forms  of  implantation :  but  there  can  be  no 
solution  of  these  queries  until  in  man  or  some  other  primate  we  possess  a 
sufficient  series  of  embryos  of  the  second  week  to  give  us  facts  instead  of 
hypotheses. 

Without  exact  knowledge  we  are  also  unable  to  deal  fullj-^  with  a 
doctrine  which  is  having  its  latest  recrudescence  i-n  the  works  of  11. 
Meyer  (50),  (51)  and  others, — the  theory  of  "primacy  of  the  ovum," — 
which  assumes  that  it  is  the  egg-cell  itself  which  by  its  growth  brings  on 
through  some  hormonal  effect  the  positive  phase  of  the  menstrual  cycle 
and  by  its  death  when  not  fertiUzed  causes  destruction  of  the  endome- 
trium. The  reviewer  can  add  Httle  to  the  objections  alrc^ady  hoveled  at 
this  liypothcsis  by  Seitz  (69)  and  by  Evans  (14),  except  to  refer  once  more 
to  his  own  description  of  a  monkey  in  whicii  the  ovum  was  actually  found 
in  degeneration  whih*  the  endometrium  was  as  yet  premenstrual.  There 
is  every  reason  to  suppose  that  in  man  and  the  monkey  as  in  other 
mammalH  the  unfertilized  ovum  has  entirely  disintegrated  long  before 
completion  of  the;  progestational  stage  of  tlie  uterus.  An  ovum  whi<!h 
in  non-existent  can  surely  not  long  affect  tluj  uterus.  We  have,  no 
doubt,  a  long  time  to  wait  for  ch(»nueal  identification  of  the  reproductive 
bormonctt  and  their  exact  sources;  meanwhile  the  burden  of  proof  is 
upon  thoHO  who  discount  the  physiological  possibilities  of  the  general 
ovarian  apparatus,  including  cspccmlly  the  follich's  and  the  corpus 
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lutcum,  in  favor  of  so  minute  and  detached  an  object  as  the  mammalian 
egg. 

In  summary,  it  may  fairly  be  stated  that  the  trend  of  recent  work  is  to 
suggest  the  basic  similarity  of  the  primate  reproductive  cycle  to  that  of 
the  other  mammalia  as  outlined  in  the  first  section  of  this  review.  We 
have  good  reason  to  believe  in  the  occurrence  of  periodic  maturation  and 
discharge  of  the  Graafian  follicles  at  a  time  near  the  middle  of  the  in- 
terval (in  the  typical  four-weekly  cycle)  or  ten  to  fifteen  days  preceding 
the  onset  of  menstruation.  The  corpus  luteum  probably  reaches  ma- 
turity in  a  few  days,  as  in  other  species,  and  persists  throughout  the  last 
week  of  the  interval,  to  begin  its  retrogression  about  the  time  of  men- 
struation. If  the  ovum  is  not  fertilized,  it  degenerates  in  the  uterus  a 
few  days  after  its  discharge  (a  conjecture  for  which  we  have  as  evidence, 
as  far  as  primate  species  are  concerned,  only  the  one  monkey's  ovum 
mentioned  above) ;  but  if  fertilized,  it  reaches  the  uterus  during  the  stage 
of  premenstrual  alteration  of  the  endometrium  which  accompanies  the 
mature  corpus  luteum.  At  this  time  we  may  suppose  the  uterine  stroma 
is  sensitized  for  the  production  of  decidual  cells  and  is  ready  to  receive 
the  embryo.  If  fertilization  and  imbedding  do  not  occur,  the  premen- 
strual endometrium  proceeds  to  the  stage  of  menstrual  hemorrhage. 

In  adopting  for  the  purposes  of  further  study  so  satisfactory  an  ex- 
planation of  the  primate  cycle,  we  must  admit  that  it  does  not  meet, 
without  additional  conjecture,  a  difficulty  presented  by  the  accepted 
belief  that  the  human  female  is  fertile  at  all  times  of  the  cycle,  except 
possibly  during  the  last  week  of  the  intermenstrual  period  as  shown  by 
Siegel  and  others.  This  difficulty  can  be  theoretically  explained  in 
several  ways.  Granting  that  ovulation  is  usually  regular  and  narrowly 
limited  to  a  particular  time  of  the  cycle,  there  may  be  either  extra-cyclic 
ovulations,  possibly  induced  by  sexual  stimulation,  as  suggested  by 
Triepel  (75)  and  Evans  (14),  or  else  the  germ-cells  are  able  to  survive  in 
the  female  reproductive  tract  for  as  much  as  a  fortnight.  In  other 
mammals  (so  far  as  known)  the  unfertilized  ova  begin  to  degenerate  by 
the  end  of  their  three-day  sojourn  in  the  tube.  As  to  the  possible  sur- 
vival of  spermatozoa  in  the  human  Fallopian  tube,  we  have  conflicting 
reports.  Observations  on  other  mammals  with  limited  oestrous  periods 
are  obviously  irrelevant,  since  mating  occurs  only  at  the  time  of  ovula- 
tion, and  survival  of  spermatozoa  would  be  useless.  The  question  needs 
serious  investigation.  Meanwhile  it  may  be  said  that  if  we  accept  a 
regular  ovulation  occm-ring  about  twelve  days  before  onset  of  menstrua- 
tion, and  assmne  the  viability  of  spermatozoa  in  the  oviduct  for  a  space 
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of  two  weeks  following  coitus,  then  all  the  known  interrelations  of  the 
human  reproductive  cycle  can  be  seen  to  follow.  Finally  there  is  the 
bare  possibility  that  if  all  causes  of  error  could  be  ruled  out  of  such 
statistics  as  Siegel's  the  human  female  might  actually  be  found  to  be 
fertile  only  during  a  limited  portion  of  each  cycle  near  the  day  of 
ovulation. 

The  whole  story  illustrates  anew  the  interdependence  of  physiological 
and  morphological  methods.  Without  the  classical  labors  of  von  Baer 
and  a  long  succession  of  embryologists  we  should  not  have  had  even  a 
clue  to  this  grave  question  of  human  physiology;  in  a  later  period  of  the 
investigation  we  have  again  seen  the  histologist  point  the  way,  but  only 
after  he  had  learned  to  classify  his  material  by  functional  stages.  In  the 
end,  the  problem  as  it  especially  concerns  our  own  species  will  be  solved 
by  taking  into  the  clinic  the  great  advances  of  method  now  in  the 
making  by  physiological  anatomists. 
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THE  FILTERABLE  VIRUSES 

CHARLES  E.  SIMON 

School  of  Hygiene  and  Public  Health,  Johns  Hopkins  University 

The  term  "filterable  viruses"  was  introduced  in  the  late  nineties  of 
the  preceding  century,  to  denote  a  group  of  disease  producing  agents, 
which  seemed  to  differ  from  other  forms  of  living  matter  in  their  ability 
to  pass  through  earthenware  filters  having  a  pore  diameter  smaller 
than  the  smallest  bacteria  then  known.  They  were  discovered  at  a 
time  when  the  inability  to  demonstrate  or  isolate  the  causative  agents 
of  many  infectious  diseases  affecting  man  and  animals  had  raised  the 
question  of  the  possible  existence  of  ultramicroscopic  organisms. 

Inasmuch  as  none  of  the  viruses,  in  the  early  years  of  their  discovery, 
had  been  demonstrated  with  the  microscope,  the  term  ultramicroscopic 
organisms  was  used  synonymously  with  the  term  filterable  viruses. 
Following  the  discovery  by  Borrel,  v.  Prowazek,  Lipschuetz,  Volpino, 
Paschen  and  others,  however,  that  in  a  number  of  diseases  the  causa- 
tive filterable  agent  can  be  rendered  visible  by  suitable  methods  of 
concentration  and  staining,  the  term  ultramiscroscopic  organism 
was  abandoned,  even  though  many  of  the  filterable  viruses  still  remain 
in  the  domain  of  the  invisible.  Physicists  have  expressed  the  opinion 
that  these  are  not  ultramicroscopic,  however,  in  the  sense  that  their 
minute  size  renders  them  invisible,  but  that  they  have  escaped  detection 
for  want  of  a  suitable  method  of  illumination.  As  a  matter  of  fact 
no  representative  of  the  filterable  viruses  has  yet  been  demonstrated 
with  the  ultramicroscope  wTiich  could  not  also  be  seen  with  the  usual 
high  power  lenses  in  the  dark  field.  For  practical  purposes  then  the 
term  filterable  viruses  may  be  retained,  even  though  we  are  conscious 
that  the  group  in  all  probability  is  not  a  homogeneous  one. 

The  first  representative  of  the  filterable  viruses  was  discovered  in 
1892  by  Iwanowski  (1)  in  the  coutse  of  his  investigations  into  the 
etiology  of  the  mosaic  disease  of  tobacco.  He  found  that  he  was  able 
to  produce  the  disease  in  healthy  plants  l^y  inoculating  them  with  the 
filtered  juice  obtained  from  diseased  leaves.  He  also  established  the 
remarkable  viability  of  the  filtered  virus,  which  remained  active  for 
ten  months.     This  characteristic  is  shared  by  many  representatives 
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of  the  group,  and  in  itself  seems  to  differentiate  them  from  the  common 
disease  producing  bacteria  and  protozoa. 

In  1898  Beijerinck  (2)  published  the  results  of  his  observations  on 
the  etiology  of  the  same  disease,  evidently  in  ignorance  of  Iwanowski's 
earlier  work,  arriving  at  similar  conclusions. 

In  the  same  year  there  also  appeared  Loeffler  and  Froschs'  (3) 
epoch-making  studies  on  the  etiology  of  hoof  and  mouth  disease. 
These  investigatoi-s  found  that  they  could  produce  the  disease  in  ques- 
tion by  inoculating  animals  with  Berkefeld  filtrates  of  the  contents  of 
the  specific  vesicles,  and  that  the  disease  could  thus  be  transmitted 
in  passage  ad  infinitimi.  They  fully  realized  the  basic  importance  of 
their  results,  and  suggested  that  other  infectious  diseases  of  hitherto 
unknown  etiology,  such  as  variola,  vaccinia,  scarlatina,  measles, 
Ilinderpest,  etc.,  might  be  due  to  organisms  of  this  order.  Their 
predictions  have  been  amply  fulfilled,  for  in  his  collective  survey  of 
the  subject,  published  in  1913,  Lipschuetz  (4)  could  present  a  list  of 
forty-one  diseases  affecting  man  and  various  animals,  in  which  the 
filterable  nature  of  the  causative  agent  had  been  established  with  more 
or  less  certainty.  Of  human  diseases  this  Ust  includes  yellow  fever, 
rabies,  molluscum  contagiosum,  dengue,  warts,  pappataci  fever, 
variola,  trachoma,  epidemic  parotitis,  poliomyelitis,  scarlatina,  measles, 
alastrim  and  inclusion  blenorrhea,  while  of  animal  diseases  the  following 
are  represented:  hoof  and  mouth  disease,  pleuropneumonia  of  cattle, 
South  African  hoi-se  sickness,  chicken  plague,  epithelioma  contagiosimi, 
sheep  pox,  Rinderpest,  hog  cholera,  catarrhal  fever  of  sheep,  heart 
water  disease  of  sheep,  agalaktia  contagiosa,  benign  painilous  stoma- 
titis of  cattle,  leukemia  of  chickens,  mj'xomatosis  of  rabl)its,  Nairobi 
disease  of  sheep,  jaundice  of  silk  womis,  Rous'  filterable  sarcoma  of 
chickens,  distemper  of  horses,  besides  certain  epidemic  diseases  which 
have  been  described  as  affecting  black  birds,  rats  and  guinea  pigs. 

Since  1913  a  number  of  additional  diseases  have  been  more  or  less 
definitely  linked  up  with  the  activity  of  filterable  viruses,  sucli  as  the 
d'Herelle  disease  of  bacteria,  the  mosaic  disease  of  tomatoes,  cucuni- 
bere,  lettuce,  beans,  etc.;  further  the  wilt  disease  of  the  gypsy  moth, 
the  sacbrood  disease  of  bees,  and  amongst  diseases  affecting  man, 
paravaccinia,  influenza,  the  various  types  of  herpes,  and  possibly 
also  epidemic  encephalitis. 

In  the  preaent  survey  it  is  the  writer's  intention  to  di  russiiisomo 
detail  certain  phases  of  tlie  more  modern  work  that  ii.i  Im en  done  in 
connection  with  the  filterable  viruses,  rather  than  to  go  over  the  achieve- 
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ments  of  earlier  workers,  excepting  in  so  far  as  this  may  be  necessary 
for  the  proper  understanding  of  the  subject. 

The  NATURE  OF  THE  FILTERABLE  VIRUSES.  1.  The  quesUon  of  their 
corpuscular  character  and  size.  In  discussing  the  nature  of  the  filterable 
viruses,  it  is  necessary  to  bear  in  mind  that  mere  filterability  can  hardly 
be  regarded  as  sufficient  grounds  for  assuming  that  the  viruses  represent 
a  homogeneous  group,  and  it  is  quite  possible  that  what  may  be  found 
to  hold  good  for  one  or  more  representatives,  does  not  hold  good  for 
others.  A  priori  it  is  thus  possible  that  some  of  the  viruses  may  not 
be  of  corpuscular  nature.  This  possibility  was  discussed  already  by 
Beijerinck,  who  expressed  the  belief  that  the  virus  which  causes  the 
mosaic  disease  of  tobacco  was  a  contagium  vivum  fluidum.  He  came 
to  the  conclusion  that  the  virus  was  not  corpuscular,  but  present  in 
solution,  on  the  basis  of  the  following  experiment.  Ground  up,  dis- 
eased leaves  were  placed  on  thick  agar  plates  and  left  for  ten  days. 
The  surface  was  then  washed  off  with  water  and  a  strong  solution  of 
bichloride  of  mercury,  and  the  top  layer  of  the  agar  removed; the  bottom 
layers  nevertheless  proved  to  be  infective.  Inasmuch  as  Beijerinck's 
studies  of  the  disease  along  bacteriological  lines  had  only  led  to  nega- 
tive results,  and  filtration  experiments  with  very  dense  porcelain  filters 
had  shown  that  the  virus  could  pass  through  the  pores,  his  conclusion 
that  the  infective  principle  was  present  in  solution  does  not  seem  un- 
natural. The  puzzling  point,  however,  was  that  it  proved  possible  to  infect 
an  unlimited  number  of  leaves  by  starting  with  the  minutest  quantity 
of  the  virus,  so  that  the  conclusion  seemed  unavoidable  that  the  virus 
actually  multiplied  in  the  plant.  In  this  manner  he  was  led  to  assume 
the  existence  not  only  of  a  contagium  fluidum,  but  of  a  contagium  vivum 
fluidum. 

Later  investigations  made  in  connection  with  various  other  viruses 
have  brought  forth  no  evidence  to  suggest  that  any  of  them  are  not  of 
corpuscular  nature.  Following  the  discovery  on  the  part  of  Giemsa 
and  V.  Prowazek  (5)  that  the  virus  of  chicken  plague  can  be  held  back  by 
agar  ultra  filters,  the  application  of  the  same  or  similar  methods  to  the 
study  of  other  viruses  showed  that  all  that  were  tested  were  held  back. 
By  making  use  of  graded  ultra  filters,  i.e.,  of  ultra  filters  of  varying 
density,  it  further  proved  possible,  not  only  to  demonstrate  the  cor- 
puscular character  of  various  viruses,  but  also  to  determine  their  size. 
Andriewsky  (6)  thus  came  to  the  conclusion  that  the  virus  of  chicken 
plague  must  consist  of  aggregates  which  are  smaller  than  those  of 
hemoglobin,  viz.,  smaller  than  23  to  25/i/x.     Duggar  and  Karrer  (7) 
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have  similarly  shown  that  the  infective  particles  which  cause  the  mosaic 
disease  of  tobacco  have  approximately  the  same  diameter  as  the  hemo- 
globin molecule  which  Bechold  calculated  to  be  from  33  to  36/iju. 

In  favor  of  the  corpuscular  nature  of  a  number  of  viruses  are  also 
the  results  which  have  been  obtained  by  sedimentation  and  centrif- 
ugation  experiments,  v.  Prowazek  (8)  could  thus  show,  in  the 
case  of  the  vaccine  virus,  that  on  prolonged  standing  the  upper  layers 
of  vaccinia  filtrates  became  non-infective  or  at  least  less  infective. 
This  experiment  was  thus  confirmatorj'^  of  an  older  diffusion  experiment 
of  Chauveau's.  This  investigator  layered  vaccine  lymph  under  water, 
and  then  found  after  some  time  that  the  proteins  and  salts  had  diffused 
into  the  upper  layers,  while  none  of  the  virus  could  be  demonstrated 
here. 

By  ccntrifugalizing  emulsions  of  rabies  and  chicken  plague  contain- 
ing material,  for  a  long  time  and  at  high  speed,  Remlingor  and  Land- 
steiner  (9),  Barrett  and  Russ  similarly  found  that  the  virus  was  finally 
present  in  greater  concentration  in  the  lower  than  in  the  upper  part 
of  the  tube. 

Quite  recently  MacCallum  and  Oppenheimer  (10)  further  showed 
that  it  is  possible  to  shift  the  position  of  the  vaccine  virus  in  a  mixture 
of  glycerin  and  Locke's  solution,  by  changing  the  specific  gravity  of 
the  mixture.  On  examining  the  surface  layer  in  one  instance  in  which 
the  virus  had  been  brought  to  the  top,  these  investigators  were  able 
to  demonstrate  the  presence  of  innumerable  tiny  granules,  which 
could  be  stained  by  Giemsa's  method. 

2.  Are  the  filterable  viruses  animate  or  inanimatef  In  discussing 
this  question  it  should  again  be  emphasized  that  any  conclusions  which 
may  be  reached  in  reference  to  the  animate  or  inanimate  nature  of  a 
given  virus  should  not  be  generalized,  that  thoy  hold  good  for  the 
special  virus  untler  consideration,  and  for  this  only. 

As  has  been,  pointed  out  above,  Beijerinck  came  to  the  conclusion 
that  the  viruH  rausing  the  mosaic  disease  of  tobacco  was  of  non-(^or- 
puscular  nature,  but  he  nevertheless  endowed  it  with  one  of  the  most 
Ktriking  properties  of  living  matter,  viz.,  the  power  of  reproduction. 
In  spite  of  the  fact  that  no  one  sincre  has  suggested  t.h(»  possibh^  exist- 
ence of  a  contagiuin  vivuin  iluiduni,  in  the  Hense  of  B(MJerin(;k,  the 
idea,  nevertheless,  deserves  more  than  passing  notice.  Because  it  is 
powiiblo,  by  starting  with  an  infinit.cHirnHlIy  snmll  (juantily  of  the 
virus,  to  seriully  infect  an  endless  ntunber  of  plants,  Beijerinck  nal  urally 
concludeil  that  the  virus  must  reproduce  itself.    But,  inasmuch  as  it 
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was  impossible  to  produce  the  disease  in  a  leaf  which  had  already- 
unfolded,  while  it  readily  developed  in  leaves  which  were  in  the  stage 
of  the  Anlage  at  the  time  of  the  inoculation,  Beijerinck  inferred  that 
the  virus  can  reproduce  itself  only  when  it  is  bound  to  the  protoplasm 
of  the  cells  of  the  Anlage.  Regarding  the  manner  in  which  this  occurs, 
he  offers  no  suggestion,  however. 

The  question  now  arises,  even  though  the  concept  of  a  contagium 
vivum  fluidum  cannot  be  upheld,  whether  a  contagium  inanimatum 
may  not  exist,  irrespective  of  its  physical  state.  In  this  connection 
I  would  refer  in  some  detail  to  certain  observations  which  Bauer  (11) 
published  in  1904,  and  which  are  scarcely  known  to  animal  pathologists, 
notwithstanding  their  evident  basic  importance.  In  discussing  the 
etiology  of  a  form  of  variegation  affecting  certain  Malvaceae,  which 
is  known  to  plant  pathologists  as  infectious  chlorosis,  Bauer  pointed 
out  that  the  disease  in  question  cannot  be  transmitted  to  healthy 
plants  by  inoculation  of  the  expressed  juice  from  diseased  leaves,  but 
only  by  grafting.  After  a  plant  has  once  become  infected,  an  endless 
number  of  diseased  descendants  may  be  obtained  by  the  simple  process 
of  planting  infected  twigs.  As  in  the  mosaic  disease  of  tobacco,  here 
also  only  those  leaves  develop  the  malady,  which  were  in  the  stage  of 
the  Anlage  at  the  time  of  grafting,  or  shortly  thereafter.  Bauer  now 
argues  as  follows:  The  disease  in  question  is  a  typical  infectious  disease, 
inasmuch  as  it  is  possible  to  infect  an  unlimited  number  of  healthy 
plants  with  grafts  of  even  single  diseased  leaves.  The  virus  must 
hence  multiply,  but  it  cannot  be  living  matter  itself  for  the  reason  that 
the  disease  can  be  transmitted  by  grafting  only.  He  suggests  that  the 
virus  need  not  multiply  in  the  ordinarily  accepted  sense  of  the  term, 
however,  but  that  it  may  be  possible  that  some  abnormal  metabolic 
product  of  the  diseased  leaf  may  function  as  the  virus  and  stimulate 
the  formation  of  the  same  product  on  the  part  of  the  cells  in  the  Anlage. 
As  a  consequence  leaves  would  develop  in  which  the  identical  defect 
would  exist,  as  in  those  with  which  we  started,  and  the  continued  pro- 
duction of  the  same  substance  would  affect  subsequently  developing 
Anlagen  in  the  same  way.  In  other  words,  Bauer  postulates  the 
existence  of  a  virus  of  the  very  type  that  we  suggested  above,  viz., 
a  contagium  inanimatum. 

Of  great  interest  in  connection  with  this  question,  further,  are  the 
developments  which  have  occurred  in  the  course  of  the  study  of  the 
so-called  d'Horelle  phenomenon.  It  will  be  recalled  that  d'Herelle  (12) 
discovered  the  presence  in  the  stools  of  convalescent  dysentery  patients 
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of  a  substance  which  was  capable  of  passing  through  the  pores  of  por- 
celain filters  and,  when  added  to  an  emulsion  of  dysentery  bacilli, 
brought  about  their  dissolution.  On  transferring  a  loopful  of  the  con- 
tents of  this  mixture  to  a  second  tube  containing  an  emulsion  of  dysen- 
tery bacilli,  these  also  dissolved.  This  process  could  be  continued 
indefinitely,  and  it  appeared,  moreover,  that  during  passage  the  activity 
of  the  lytic  principle  underwent  an  actual  increase.  On  the  basis  of 
these  observations  and  further  studies,  d'Herelle  concluded  that  the 
lytic  agent  must  be  endowed  with  life,  as  it  evidently  multiplied  in 
the  course  of  its  transfers.  All  investigators  who  have  studied  this 
phenomenon  were  able  to  confirm  d'Herelle's  basic  observations,  and 
it  was  soon  found  that  lytic  bodies,  corresponding  to  other  bacteria 
also,  existed  in  nature.  To  the  entire  group  d'Herelle  applied  the 
generic  term  Bacteriophagum,  and  he  looked  upon  its  representatives 
as  belonging  to  the  class  of  the  filterable  viruses  and  as  living  organisms. 
To  this  opinion  he  has  adhered  ever  since.  While  some  investigators 
share  his  view,  others  are  inchned  to  look  upton  the  lytic  principle  as  an 
inanimate  agent,  and  as  a  product  of  the  bacteria  themselves.  Doerr 
(13),  Twort,  Bordet  and  Ciuca,  Gratia,  (14)  and  others  have  thus 
drawn  attention  to  the  fact  that  the  lytic  agent  increases  in  quantity 
only  during  bacterial  reproduction,  and  that  when  this  is  prevented, 
the  bacteriophageal  titre  of  the  emulsion  does  not  rise.  They  have 
shown,  moreover,  that  by  starting  with  a  culture  of  bacteria,  devoid 
of  any  bacteriophageal  properties,  these  can  be  made  to  appear  by 
various  artificial  means,  such  as  an  unfavorable  temperature,  treat- 
ments with  immune  sera,  the  mere  process  of  filtration  through  por- 
celain filters,  etc.  These  observers  have  accordingly  come  to  the 
conclu.sion  that  the  d'Herelle  phenomenon  represents  an  acute  infec- 
tious disease  of  the  corresponding  bacteria,  which  is  due  not  to  a  living 
organism,  but  probably  to  an  enzyme,  furnished  by  the  bacteria  thom- 
sclves,  which  stimulates  the  bacteria  to  renewed  formation  of  this  very 
enzyme,  which  in  turn  leads  to  the  destruction  of  the  microorganism. 

ObHcrvationH  such  as  these,  if  coufinned  by  further  inv(\siigations, 
would  be  of  fundamental  imporiuiKre  inastiuich  as  tiiey  suggest  new 
linos  of  invoMtigation  of  various  diseases,  the  etiology  of  which  is  as  yet 
unknown.  Wo  would  ceriiiinly  have  to  revise  our  definition  of  tiio 
tomi  info(rtiouH  diKoaso,  which  at  present  implies  the  activity  of  an 
animate  agont  and  the  posHibility  of  its  transmission  from  animal  to 
animal,  oithor  directly  or  indirectly.  If  Hiniiliir  conditions  were  openi- 
tivc  in  anirnali),  as  apiMircntly  are  at  work  in  th(>  inf(*ctious  chlorosis 
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of  plants,  various  maladies,  which  now  are  vaguely  classed  as  metabolic 
diseases,  could  be  viewed  with  better  reason  as  infectious  processes, 
and  the  same  would  be  true  for  malignant  growths.  The  urgent  need 
of  some  intensive  work  along  these  lines  is  thus  manifest. 

3.  The  taxonomic  position  of  the  animate  filterable  viruses.  While 
the  possibility  cannot  be  ignored  that  some  of  t^e  filterable  viruses 
may  be  of  inanimate  nature,  there  is  evidence  to  suggest  that  the 
majority  of  those,  with  which  we  are  already  more  or  less  familiar, 
are  living  organisms.  Several  of  these  have  been  actually  cultivated, 
even  though  with  considerable  difficulty,  and  not  without  serial  breaks, 
such  as  the  virus  of  the  pleuropneumonia  of  cattle  (Nocard  and  Roux), 
that  of  poultry  diphtheria,  which  is  now  generally  recognized  as  identical 
with  epithelioma  contagiosimi  (Bordet),  the  chicken  plague  virus 
(Marchoux,  Landsteiner  and  Berliner),  the  virus  of  poliomyelitis 
(Flexner  and  Noguchi),  Olitsky  and  Gates'  supposed  causative  or- 
ganism of  influenza,  and  if  recent  reports  are  correct,  the  vaccine 
viinis  (Plotz).  In  the  case  of  the  other  representatives  of  the  filterable 
virus  group,  cultivation  has  not  yet  be6n  achieved,  but  evidences  of 
division  have  been  obtained  in  corresponding  granule  formations, 
which  are  viewed  as  the  virus  proper.  Lipschuetz,  it  will  be  recalled, 
suggested  the  term  strongyloplasms  for  these  visible  viruses,  in  con- 
tradistinction to  those  which  have  not  yet  been  seen  with  the  micro- 
scope. 

A  question  that  has  been  asked  again  and  again,  is  whether  the 
filterable  viruses  are  bacteria  or  protozoa.  To  this  a  definite  answer 
cannot  be  given.  From  the  fact  that  an  organism  can  be  cultivated 
in  the  test  tube  it  does  not  follow  that  it  must  be  a  bacterium,  for  many 
protozoa  can  be  cultivated  with  equal  readiness.  To  argue  for  the 
bacterial  nature  of  an  organism  on  the  basis  of  its  form  is  likewise 
scarcely  warrantable.  The  fact,  therefore,  that  the  virus  of  small- 
pox or  of  poultry  pox  appears  under  the  microscope  as  a  round  granule, 
is  no  more  evidence  that  the  organism  is  a  bacterium  than  the  capability 
of  locomotion  would  stamp  the  typhoid  bacillus  as  a  flagellate  protozoon. 
In  many  viruses  belonging  to  the  group  of  strongyloplasms  division 
has  been  noted,  but  a  type  of  division  which  differs  from  that  of  the 
bacterial  cocci.  For  whereas  bacterial  division  proceeds  by  direct 
cleavage,  strongj'loplasmatic  division  seems  always  to  be  preceded 
by  a  gradual  process  of  median  constriction,  with  the  consequent 
formation  of  dumbbell  forms  and  their  gradual  separation. 
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That  some  of  the  filterable  vu-uses  are  more  closely  related  to  the 
protozoa  than  to  the  bacteria,  is  suggested  by  their  peculiar  cell 
tropism  and  their  evident  reproduction  within  the  cells  and  there  only. 
As  examples  I  would  recall  the  remarkable  affinity  of  the  variola-vaccinia 
virus,  of  the  virus  of  sheep  pox,  of  epithelioma  contagiosum,  and  of 
hoof  and  mouth  disease  for  the  skin;  that  of  rabies,  of  poliomyelitis 
and  of  chicken  plague  for  the  central  nervous  system;  that  of  plem-o- 
pneumonia,  of  agalaktia  contagiosa,  of  parotitis  epidemica  for  special 
organs,  viz.,  the  lung,  the  udder  and  the  parotid  gland.  It  is  well 
known  that  following  the  intravenous  injection  of  vaccine  virus,  this 
rapidly  disappears  from  the  circulation  and  becomes  deposited  in  the 
skin  and  there  only;  the  injection  of  chicken  plague  virus  is  similarly 
followed  by  its  disappearance  from  the  circulation  and  its  deposition 
in  the  brain. 

Recent  investigations  have  confirmed  earlier  observations  by  Novy 
and  MacNeal  that  certain  protozoan  parasites  (Trypanosoma  lewisi) 
may  assume  a  state  in  which  they  can  pass  the  pores  of  antibacterial 
filters.  Reich  and  Beckwith  (15)  thiLs  report  that  they  succeeded  in 
infecting  guinea  pigs  with  filtrates  from  the  organs  and  blood  of  ani- 
mals infected  with  Trypanosoma  brucei. 

I  would  further  recall  that  yellow  fever  has  been  produced  repeatedly 
by  injecting  filtrates  of  the  diluted  serum  of  patients.  Reed,  Carroll, 
Agramontc  and  Lazear  (16)  first  demonstrated  this  in  1900,  and  on  the 
basis  of  these  observations  came  to  the  conclusion  that  the  Causative 
organism  must  be  of  such  minute  size  as  to  be  classed  among  the  "ultra- 
microscopic"  organisms.  When  Noguchi  then  suggested  that  his 
Leptospira  ictoroides  might  be  the  cause  of  yellow  fever,  the  question 
aro6C  how  this  could  be  reconciled  with  the  demonstrated  filterable 
nature  of  the  virus.  It  was  then  suggested  that  even  though  the 
Icptospira  measured  4  to  9^  in  length,  that  its  breadth  only  amounted 
to  0.2/x,  and  that  it  is  the  breadth  of  an  organism  which  determines  its 
filterability.  It  was  further  argued  that  the  organism  could  pass  the 
filter  not  only  becau.se  of  its  small,  transverse  diameter,  but  also  owing 
to  iiH  plastic  (non-rigid)  structure.  This  may  or  may  not  bo  so,  and 
until  loptospiras  pr(»senting  their  usual  size  and  form  will  have  been 
demonstrated  microscopicjilly  in  the  filtnitcs,  the  possibility  cannot  be 
denied  that  the  orgimism  ni.'iy  be  ubic  1o  assiiinc  yet  imothfM"  form  iind 
pam  in  that  state. 

However  this  may  be,  thr  wrilcr  would  not  suggest  for  a  moment 
that  because  an  organism,  l)e  it   ji  protozoon  or  a  bjicteriuin  of  the 
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usually  recognized  types,  can  assume  a  filter  passing  form,  differing 
from  the  usual,  it  should  therefore  be  removed  from  its  proper  group 
and  placed  in  that  of  the  filter  passers.  More  work,  however,  will 
have  to  be  done,  before  it  can  be  definitely  accepted  that  organisms 
whose  normal  morphology  would  warrant  their  classification  either 
amongst  the  bacteria  or  protozoa  may  under  special  conditions  assume 
a  form  which  in  the  past  was  unknown  in  connection  with  the  life 
history  of  bacteria  and  protozoa.  If  further  investigations  should 
actually  prove  the  possibility  of  such  an  occurrence,  a  biological'  ex- 
planation would  have  to  be  sought.  In  that  event  the  hypothesis 
might  be  advanced  that  various  low  forms  of  animal  and  vegetable 
life,  while  becoming  differentiated  to  higher  forms,  may  yet  retain  the 
power  to  return,  temporarily  at  least,  to  a  more  primitive  state,  with  a 
reduction  in  size  to  a  point  where  they  would  be  able  to  pass  the  pores 
of  the  average  antibacterial  filter.  While  such  a  possibility  has  already 
been  demonstrated  for  certain  protozoa  as  shown  above,  there  is 
evidence  to  suggest  that  bacteria  endowed  with  this  property  also 
exist.  Olitsky  and  Gates  (17)  have  thus  shown  that  the  organism 
which  they  have  described  under  the  name  Bacterium  pneumosintes 
may  assume  a  filter  passing  size,  while  at  other  times  it  may  attain  a 
length  of  one  micron.  The  same  writers  have  also  discovered  the 
occurrence  in  the  nasopharjmx  of  four  other  organisms  of  the  same 
order  which,  in  contradistinction  to  Bacterium  pneumosintes,  are  non- 
pathogenic. 

While  Olitsky  and  Gates  have  termed  the  organism  which  they 
regard  as  the  probable  cause  of  influenza,  Bacterium  pneumosintes, 
they  have  done  so  on  purely  morphological  grounds,  and  have  left 
the  question  whether  or  not  it  really  is  a  bacterium  an  open  one. 

To  assimie,  on  the  basis  of  our  present  knowledge,  that  the  filter 
passers  are  either  bacteria  or  protozoa,  is  unwarrantable.  We  may 
say  that  certain  observations  suggest  that  a  few  protozoa,  and  possibly 
bacteria  may  assume  a  filter  passing  size,  but  so  far  as  the  great  majority 
of  the  filterable  viruses  goes,  there  is  no  evidence  whatsoever  to  war- 
rant the  claim  that  their  taxonomic  position  has  been  established. 
It  might  possibly  be  best  to  classify  them  as  protista,  were  it  not  for 
the  fact  that  there  is  evidence  to  suggest  that  some  of  them  may  be 
inanimate,  even  though  corpuscular.  Theoretically  there  can  cer- 
tainly be  no  objection  to  the  formulation  of  the  hypothesis  that  disease 
producing  agents  of  corpuscular  nature  may  exist,  which  in  part  belong 
to  the  lowest  forais  of  life,  which  are  neither  bacteria  nor  protozoa, 
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and  in  part  to  the  higher  forms  of  ferments,  and  that  the  main  group 
of  filterable  viruses  may  properly  find  its  position  here  rather  than 
either  amongst  the  bacteria  or  protozoa. 

4.  The  relation  beticeen  filterable  viruses  and  specific:  cell  inclusions. 
The  occurrence  of  certain  cell  inclusions  which  had  been  noted  in 
several  infectious  diseases,  such  as  moUuscum  contagiosum,  epithe- 
homa  contagiosum  and  variola,  long  before  the  existence  of  filterable 
viruses  was  even  suspected,  assumed  a  new  significance  when  it  was 
shown  that  their  appearance  was  intimately  connected  with  the  activ- 
ity of  the  infective  agent,  or  what  has  come  to  be  regarded  as  the 
infective  agent.  Boirell  (18)  in  1903  was  the  first  to  draw  attention 
to  the  apparent  connection  between  the  presence  of  the  infective  agent 
of  sheep  pox  and  the  presence  in  the  lesions  of  cell  inclusions,  resem- 
bling those  seen  in  variola,  on  the  one  hand,  and  exceedingly  minute 
granules,  which  could  be  stained  by  the  aid  of  Loeffier's  flagellar 
stain,  on  the  other.  In  1907  appeared  v.  Prowazek's  classical  study 
(19)  of  the  various  cell  inclusions  which  had  been  noted  up  to  that  time, 
viz.,  the  three  mentioned  above,  Borrel's  sheep  pox  bodies,  the  Negri 
bodies  of  rabies  and  the  trachoma  bodies  which  v.  Prowazek  had  dis- 
covered himself  in  association  with  Halbcrstaodtor.  On  the  basis  of 
his  studies  of  these  various  structm-cs,  and  especially  of  the  trachoma 
bodies,  which  at  a  certain  stage  of  their  development  could  be  shown 
to  consist  of  innumerable  tmy  little  granules,  v.  Prowazek  suggested 
that  all  these  inclusions  are  composed  of  virus  granules  proper,  sur- 
rounded by  a  mantle  of  reaction  products  furnished  by  the  cell  which 
has  been  invaded  by  the  vims.  To  express  this  concept  of  thoir  struc- 
ture, he  suggested  the  tenn  chlamydozoa  for  this  group  of  the  filterable 
viruscH.  The  suffix,  zoa,  was  chosen  to  express  his  belief  that  the 
viruses  in  question  belonged  to  the  group  of  protozoa  or  were  more 
closely  related  to  these  than  to  the  l)acteria.  Lipschuctz  (20),  it  will 
be  recalled,  proposed  the  term  strongyloplasms  for  all  viruses  of  the 
filterable  type,  which  can  be  seen  through  the  inicroscoj^o,  irresjioct  ive 
of  their  association  with  reaction  products.  That  v.  Prowazek's  inter- 
pretation of  the  meaning  of  these  cell  inclusions  has  in  the  main  been 
correct,  has  now  been  abundantly  demonstrated.  This  discovery  of 
course,  has  shown  a  new  diredion  in  whicli  research  might  profitably 
bo  carried  on  in  the  search  for  as  yet  unknown  causative^  agents  of 
diseases  of  apparently  infetrtious  nature,  for  tlui  presence  of  cell  in- 
clusions now  suggests  the  activity  of  a  filterable  virus.  It  will  be  well 
to  bear  in  mind,  of  course,  that  the  alwence  of  cell  inclusions  in  a  given 
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disease  does  not  imply  the  absence  of  a  filterable  virus  as  the  etiological 
agent.  But  it  also  goes  without  saying  that  even  though  inclusions 
have  in  the  past  not  been  noted  in  the  specific  lesions  produced  in  the 
course  of  a  disease,  it  does  not  follow  that  they  may  not  be  present 
after  all,  that  they  merely  have  been  overlooked  in  the  past.  A  great 
deal  of  reinvestigative  work  will  have  to  be  done  in  the  various  infec- 
tious diseases  in  which  the  cause  is  as  yet  unknown,  before  we  can 
definitely  exclude  the  activity  of  a  filterable  virus.  That  such  a  rein- 
vestigation may  be  crowned  by  success,  has  already  been  showr^^ 
Lipschuetz  (21)  thus  was  able  to  demonstrate  the  presence  of  cell 
inclusions  in  the  lesions  of  all  three  types  of  herpes,  viz.,  herpes  simplex 
(febrilis),  herpes  genitalis  and  herpes  zoster,  which  prominent  investi- 
gators in  the  past  had  evidently  either  overlooked  or  failed  to  recognize. 
That  these  inclusions  are  in  reality  specific,  and  that  Lipschuetz's 
interpretation  of  their  nature  is  correct,  is  shown  by  the  fact  that  the 
identical  structures  appear  in  the  corneal  epitheHal  cells  of  the  rabbit, 
following  inoculation  with  the  contents  of  the  herpetic  vesicles.  Their 
presence,  moreover,  is  confined  to  the  actual  seat  of  the  lesions  which 
develop  as  a  consequence  of  the  inoculation;  in  herpes  simplex  and 
herpes  pro-gqnitalis  they  have  been  shown  to  appear  in  serial  inocula- 
tions, and  in  the  case  of  herpes  simplex  the  virus  has  been  shown  to  be 
filterable.  In  this  connection  it  may  be  interesting  to  note  that  whereas 
the  majority  of  cell  inclusions  appear  in  the  cytoplasm  of  the  affected 
cells,  the  herpetic  inclusions  occur  practically  exclusively  within  the 
nucleus.  Similar  inclusions,  occurring  both  in  the  cytoplasm  and 
nucleus  have  been  found  by  the  same  observer  in  paravaccinia  (22). 
The  latter  term  has  been  applied  to  an  anomalous  response  to  vaccina- 
tion with  calf  lymph,  which  so  far  as  known  has  only  been  observed  in 
Austria,  or  more  specifically  in  Vienna.  The  opinion  has  been  ad- 
vanced that  in  some  manner  some  of  the  calf  lymph  produced  at  one 
of  the  vaccine  institutes  of  that  country  has  become  contaminated 
by  an  aberrant  form  of  vaccine  virus,  and  that  this  has  been  propagated 
together  with  the  latter.  If  this  be  so,  it  is  remarkable  that  the  re- 
sultant cell  inclusions  should  be  so  different  from  the  Guarnieri  bodies 
of  vaccinia.  It  is  true  that  the  latter  may  also  appear  within  the 
nucleus,  but  that  is  after  all  unusual. 

In  yet  another  disease  of  doubtful  etiology  cell  inclusions  have  been 
described  within  recent  years  which,  if  confirmed,  would  suggest  the 
possibihty  that  this  disease  also  may  be  due  to  a  filterable  virus.  The 
malady  in  question  is  known  as  Verruga  peruviana  or  Peruvian  warts, 
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and  apparently  represents  a  later  phase  of  so-called  Oroya  fever.  The 
inclusions  in  question  were  discovered  by  da  Rocha  Lima  (23)  in 
endothelial  cells  of  the  corresponding  lesions  and  are  composed  of 
minute  granules,  which  like  the  majority  of  similar  structures,  can 
only  be  satisfactorily  demonstrated  with  Giemsa's  or  Levaditi's  method 
of  staining. 

Still  more  recently  Gins  (24)  has  drawn  attention  to  the  occurrence 
of  intranuclear  inclusions  in  the  epithelial  cells  and  cells  of  the  under- 
"^A'ing  corium  in  the  specific  lesions  which  develop  in  guinea  pigs  after 
inoculation  with  the  virus  of  hoof  and  mouth  disease.  It  will  be 
recalled  that  the  disease  in  question  was  the  first  infectious  disease 
affecting  animals  in  which  a  filterable  virus  could  be  shown  to  be  the 
causative  agent  (Loeffler  and  Frosch  (3)  1898).  Cell  inclusions  have 
in  the  past  been  reported  in  the  skin  and  the  corresponding  lesions 
affecting  the  mucous  membranes  by  several  observers,  but  none  of 
these  have  proven  to  be  specific.  Whetlier  the  inclusions  described 
by  Gins  are  specific  will  have  to  be  determined  by  future  investigations. 
Inasmuch  as  the  recognition  of  the  disease  must  at  present  be  based 
upon  the  progress  of  the  malady  or  on  the  result  of  animal  inoculations, 
which  means  a  considerable  loss  of  t  me,  the  possibility  of  reaching  a 
prompt  diagnosis  by  microscopic  examination  would  prove  of  great 
advantage. 

Recent  investigations  on  the  role  of  filterable  viruses  as 
DISEASE-PRODUCING  AGENTS,  a.  The  Supposed  relationship  of  the  herpetic 
virus  to  the  causative  agent  of  epidemic  encephalitis.  In  the  foregoing 
section  we  have  already  pointed  out  that  specific  cell  inclusions  are 
demon.strable  in  herpetic  lesions  (21)  and  that  this  fact  in  itself  may  be 
regarded  as  implying  the  activity  of  a  filterable  virus  as  the  causative 
agent.  The  proof  of  the  correctness  of  this  conclusion  is  complete  so 
far  as  herpes  simplex  goes,  while  in  the  case  of  herpes  zoster  and  herpes 
progcnitalis  the  evidence,  though  strong,  is  as  yet  circumstantial. 

Renewed  interest  in  the  etiology  of  this  group  of  dermatoses  was 
aroused  by  Grueter's  discovery  (25)  that  the  inoculation  of  the  rabbit 
cornea  with  scrapings  from  lesions  of  dendriticr  keratitis  pro(hices  a 
violent  inflammation  which  can  bo  transmitted  from  animal  to  animal. 
Locwenstein  (20)  and  later  Luger  and  Lauda  (27),  con(irm(>(i  those 
observations  and  furtiier  showed  that  i\w.  inoculation  of  the  rabbit 
cornea  with  the  trontents  of  herpes  febrilis  vesicles,  from  whatever 
source,  led  to  the  same  result.  While  Locwenstein  did  not  sticceed 
in  infecting  anunals  with  material  that  had  been  passcnl  through   a 
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Berkefeld  filter,  he  concluded  nevertheless  from  certain  microscopic 
findings  that  the  pathogenic  agent  probably  belonged  to  the  chlamy- 
dozoa.  Subsequent  positive  filtration  experiments,  on  the  part  of 
Luger  and  Lauda  (27),  Blanc  and  Caminopetros  (28),  Levaditi,  Harvier 
and  Nicolau  (29)  have  confirmed  the  correctness  of  this  conclusion. 

Aside  from  the  occurrence  of  the  virus  in  the  herpetic  vesicles  it 
would  seem  that  the  same  or  a  closely  related  virus  may  occasionally 
also  be  encountered  in  the  saliva  of  normal  individuals. 

The  discovery  of  the  virus  of  herpes  febrilis  or,  as  it  would  no  doubt 
be  better  to  say,  of  herpes  simplex,  while  of  great  interest  in  itself, 
has  attracted  special  attention  for  the  reason  that  several  investigators 
have  reported  the  finding  of  a  virus  in  material  obtained  from  cases  of 
epidemic  encephalitis  which  seems  to  be  identical  with  it,  or  at  least 
very  closely  related  to  it.  Doerr  and  Schnabel  (30)  thus  report  that 
rabbits  which  had  recovered  from  keratitis  produced  by  the  common 
herpes  simplex  virus  and  which  had  developed  an  immunity  to  reinocula- 
tion  with  it,  were  also  resistant  to  their  encephalitic  strain,  even  when 
introduced  subdurally.  Levaditi,  Harvier  and  Nicolau  (29),  as  well 
as  Blanc  and  Caminopetros  (28)  did  not  obtain  the  same,  but  very 
similar  results.  They  found  that  their  supposed  encephalitic  virus 
was  more  virulent  than  their  herpetic  virus,  and  that  while  animals 
which  had  become  immune  to  the  former  were  also  immune  to  the 
latter,  the  converse  did  not  hold  good.  As  a  matter  of  fact  a  certain 
proportion  of  rabbits  which  have  been  inoculated  with  the  common 
herpes  virus,  after  a  variable  length  of  time  develop  symptoms  of  en- 
cephalitis and  usually  succumb,  and  post-mortem  lesions  are  demon- 
strable in  the  brains  of  such  animals  which  are  very  similar  to  those 
observed  in  the  human  being.  The  idea  that  a  filterable  virus  may  be 
the  cause  of  epidemic  encephalitis  was  originated  by  Strauss,  Hirsch- 
feld  and  Loewe  (31)  in  1919.  These  observers  reported  that  the 
virus  of  epidemic  encephalitis  will  pass  Berkefeld  N  filters,  that  it 
may  be  preserved  in  glycerin,  that  it  can  be  cultivated  in  Noguchi's 
spirochetal  medium;  that  it  can  be  stained  with  Loeffler's  flagellar 
stain  and  Giemsa's  stain;  that  rabbits  and  monkeys  can  be  successfully 
infected  with  cultures  by  the  subdural  route,  and  that  the  same  symp- 
toms and  pathological  changes  can  be  produced  with  these  cultures,  as 
by  direct  inoculation  of  brain  substance,  naso-pharyngeal  mucous 
membrane,  spinal  fluid  and  naso-pharyngeal  secretion  from  human 
cases  of  the  disease.  They  further  reported  that  animal  passage  could 
be  effected  without  much  difficulty.     Their  results  with  naso-pharyngeal 


496  CHARLES   E.    SIMON 

washings  were  indeed  so  uniform  that  they  suggested  the  animal 
experiment  as  a  means  of  diagnosis. 

It  is  noteworthy  that  other  investigators  have  been  far  less  successful 
than  Strauss,  Hirschfeld  and  Loewe  in  transmitting  the  supposed  virus 
of  epidemic  encephalitis  to  experimental  animals  and,  as  matters  now 
stand,  it  seems  rather  doubtful  whether  the  virus  of  any  one  of  the 
experimenters  referred  to  above  actually  represents  the  causative 
agent  of  epidemic  encephalitis. 

Kling  (32)  in  a  series  of  recent  communications,  has  reported  that 
on  inoculating  rabbits  by  the  subdural  route  with  brain  material  from 
cases  of  epidemic  encephalitis,  an  infection  does  develop  which  pursues 
a  latent  course,  however.  A  few  animals  died  after  from  one  to  three 
months.  The  remainder  were  killed  after  foiu*  to  six  months.  In 
contradistinction  to  the  findings  of  Doerr,  Levaditi  and  others,  Kling 
found  changes  of  a  more  chronic  character,  in  as  much  as  in  the  meninges 
and  in  the  perivascular  and  focal  infiltrations  of  the  brain  itself,  mono- 
nuclear elements  predominated.  The  lesions,  moreover,  were  found 
to  affect  the  midbrain  rather  than  the  cortex.  Kling  emphasizes  the 
identical  character  of  the  lesions  in  his  animals  with  those  occurring 
in  the  human  being.  He  further  points  out  that  his  virus  produces 
no  lesions  in  the  rabbit  cornea  that  are  at  all  comparable  with  those 
which  follow  inoculation  with  the  herpetic  virus,  and  that  no  crossed 
inmiunity  was  demonstrable  between  the  two  types.  He  concludes 
that  his  virus  is  the  true  cause  of  epidemic  encephalitis,  while  that  of 
Levaditi,  Doerr  and  their  coUaboratore  is  merely  the  herpetic  virus 
which  has  accidentally  found  its  way  to  those  regions  where  it  has  been 
found. 

b.  Bacterium  pneujnosintea  and  its  relation  to  epidemic  influenza.  Up 
to  the  beginning  of  the  great  pandemic  of  influenza  of  1918-1919, 
Pfciffer's  bacillus  had  been  fairly  generally  regarded  as  the  probable 
causative  agent  of  that  disease.  The  inconstancy  of  its  occurrence 
during  this  epidemic,  however,  made  the  correctness  of  this  view 
appear  rather  doubtful.  The  inconstant  presence  of  various  other 
bacteria  alwo,  which  were  encountered  both  intra  vitam  and  post 
mortem,  eliminatod  tliese  as  Hpe(nfic  factors.  The  thought  hence  sug- 
gested itHolf  to  nuuiy  observers  that  a  hitherto  undiscovered  organism 
might  bo  the  cause  of  the  epidemic  disease,  and  that  Pfeiffer's  bacillus, 
like  the  variouH  Htreptococci  and  staphyhx-occi  that  are  so  frequently 
prewnt,  merely  re|)reHent  seconchiry  invaders  or  syinbionts.  With 
thin  idea  in  mind  OlitHky  and  Gates  (33)  undertook  the  study  of  tlu> 
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naso-pharyngeal  washings  of  cases  of  uncomplicated  influenza  with 
reference  to  the  presence  of  such  as  yet  unknown  factors.  The  initial 
studies  were  begun  while  the  epidemic  wave  of  1918-1919  was  in 
progress,  and  have  been  continued  up  to  the  present  time.  By  inocu- 
lating rabbits  through  the  trachea  with  the  washings  from  the  naso- 
pharynx of  uncomplicated  cases  of  influenza,  during  the  first  thirty- 
six  hours  of  the  disease,  Olitsky  and  Gates  obtained  clinical  reactions 
(fever  and  leucopenia,  with  mononuclear  depression)  and  pathological 
changes  in  the  lungs  of  their  animals,  which  resembled  the  findings  in 
human  influenza.  By  injecting  the  lung  juice  from  such  animals 
into  others  the  same  results  were  obtained.  Further  investigations 
then  revealed  that  the  vu-us  in  question  readily  passed  through  Berke- 
feld  V  and  N  candles,  and  that  when  contained  in  bits  of  lung  tissue, 
it  withstood  the  action  of  a  50  per  cent  solution  of  glycerin  for  a  period 
of  nine  months.  Especially  significant  also  was  the  observation  that 
it  produced  an  effect  upon  the  lung  tissue  of  rabbits  which  favored 
the  invasion  and  infection  of  the  lung  with  various  bacteria,  such  as 
pneumococcus,  type  IV,  and  atypical  type  II,  streptococci  and  Pfeiffer's 
bacillus.  Attempts  at  cultivation  showed  that  by  starting  with 
filtered  naso-pharyngeal  secretions  of  patients,  or  unfiltered  or  filtered 
lung  tissue  suspensions  from  infected  rabbits  growth  could  be  obtained 
under  strictly  anaerobic  conditions  in  a  medium  composed  of  sterile 
human  ascitic  fluid,  and  a  fragment  of  fresh  rabbit  kidney.  The  or- 
ganism in  question,  as  obtained  in  primary  culture,  is  a  minute  bacilloid 
body,  measuring  only  0.1  to  0.3m  in  length,  the  breadth  being  approxi- 
mately one-third  of  the  length.  In  subcultures  on  media  consisting 
of  meat  infusion — peptone  broth  or  agar  as  a  base,  and  enriched  with 
fresh  animal  or  vegetable  tissue  and  especially  in  the  presence  of  dex- 
trose, larger  forms  up  to  Ifi  in  length  may  be  seen. 

Identical  findings  were  obtained  during  the  outbreak  of  1920  and 
again  during  that  of  1922.  The  clinical  and  pathological  effect  in  the 
inoculated  animals  was  the  same  whether  filtered  or  unfiltered  naso- 
pharyngeal washings,  or  filtered  or  unfiltered  lung  juice,  or  filtered 
or  unfiltered  cultures  were  used.  Negative  results  only  were  gotten  in 
the  case  of  healthy  individuals  and  persons  not  suffering  with  influ- 
enza, as  well  as  with  animal  control  material.  The  conclusion  thus 
seems  justifiable  that  the  organism  described  by  Ohtsky  and  Gates 
probably  represents  the  actual  cause  of  epidemic  influenza. 

Regarding  the  nature  of  the  virus  in  question,  the  writers  are  some- 
what noncommittal.     They  recognize  that  their  organism  is  "not  of 
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the  nature  of  ordinan-  bacteria"  (IV,  728),  and  express  the  belief  that 
it  is  a  representative  of  a  "group  or  class  of  minute  microorganisms, 
which  the  anaerobic  Smith-Noguchi  technique  has  thrown  open  to 
exploitation."  If  nevertheless  they  teniied  the  organism  Bacterium 
pneumosintes  they  did  so  merely  on  the  basis  of  its  bacilloid  form,  the 
species  name  having  reference  to  its  injurious  action  upon  the  lung 
tissue. 

In  this  connection  it  may  be  of  interest  to  note  that  in  the  course  of 
their  studies  of  naso-pharyngeal  washings,  and  using  the  same  anaerobic 
technique,  Olitsky  and  Gates  met  with  a  number  of  other  filter  passers 
which  in  contradistinction  to  Bacterium  pneumosintes  were  non- 
pathogenic for  rabbits. 

It  is  clear  that  a  very  interesting  field  has  here  been  opened,  irre- 
spective of  the  question  what  the  taxonomic  position  of  the  organism 
in  question  may  be.  From  the  bacteria  that  we  have  known  in  the 
past,  the  organisms  differ  in  at  least  two  important  particulars,  viz., 
their  minute  size  and  the  remarkable  resistance  which  they  offer  to 
the  action  of  glycerin.  In  both  respects,  as  well  as  in  its  ease  of  dis- 
semination, Bacterium  pneumosintes  strongly  resembles  the  causative 
agent  of  smallpox. 

c.  Recent  investigations  into  the  etiology  of  measles.  Although  many 
attempts  have  been  made  in  the  past  to  isolate  the  causative  agent  of 
measles  by  the  usual  bacteriological  methods,  it  cannot  be  said  that 
any  one  of  the  various  organisms  which  have  been  found,  has  yet 
been  proven  to  be  the  specific  cause  of  the  disease  in  question.  P^lo- 
vation  of  temperature,  various  exanthems  and  enanthems  and  leuco- 
cytic  drops  have  been  noted  following  the  injection  of  various  organisms 
obtained  from  the  blood  and  the  naso-pharyngeal  eecrction  of  measles 
cases,  but  the  very  fact  that  such  reactions  occur  inconstantly  and 
have  been  obtained  with  different  organisms,  suggests  that  none  of 
them  can  be  regarded  as  specific.  If  it  be  remembered  how  readily 
the  measles  patient  falls  a  prey  to  secondary  invaders,  notably  repre- 
sentatives of  the  streptococcus  family,  it  cannot  be  surprising  that 
organisms  of  this  order  may  be  found,  nor  that  corresponding  anti- 
bodies should  appear  in  the  ])lood. 

One  great  (iifli(;ulty  in  the  study  of  the  etiology  of  measles  has  been 
that  whereas  blood,  taken  during  the  innnediate  pre-emptive  and  early 
eruptive  stage,  when  injected  into  childnui  oven  in  so  mitnite  an 
amount  as  0.002  cc,  produces  the  typical  disease  (M),  we  have  not  yet 
found  an  animal  in  which  the  identical  clinical  picture  can  be  produced. 
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Significant,  however,  is  the  fact  that,  as  Goldberger  and  Anderson  (35) 
first  showed  in  1911,  the  blood  and  naso-pharyngeal  secretion  of  measles 
patients,  even  after  filtration  through  Berkefeld  candles,  will  produce 
symptoms  in  monkeys,  which  at  least  are  suggestive  of  the  human 
disease.  Goldberger  and  Anderson  found  that  after  a  period  of  incu- 
bation, varying  from  three  to  twenty-one  days,  there  followed  a  febrile 
period  of  from  four  to  five  days,  and  frequently  an  exanthem  appeared 
three  days  after  the  onset  of  the  fever.  This  varied  in  color  from  a 
rose  red  to  a  coppery  hue  and  was  maculo-papular  in  character.  Scaly 
desquamation  then  followed,  and  after  recovery  the  animals  were 
immune  to  reinoculations.  This  clinical  picture  was  transmitted 
through  the  blood  through  six  successive  groups  of  animals,  and  healthy 
animals  contracted  the  disease  by  living  in  contact  with  the  sick  ones. 

These  results  were  confirmed  by  NicoUe  and  Conseil  (36),  Hektoen 
and  Eggers  (37)  and  still  other  investigators. 

Sellard  and  Went  worth  (38)  objected  to  the  interpretation  of  these 
findings,  however,  claiming,  that  the  symptoms  produced  were  merely 
symptoms  of  serum  sickness,  and  that  they  obtained  similar  results 
by  injecting  normal  human  blood  serum. 

The  validity  of  this  objection  falls  to  the  ground,  however,  if  it  be 
remembered  that  Goldberger  and  Anderson  obtained  the  same  results 
in  soi'ial  inoculations.  Nicolle  and  Conseil,  moreover,  furnished  un- 
questionable evidence  that  the  clinical  picture  in  injected  monkeys 
is  directly  connected  with  the  transfer  of  the  virus.  They  injected 
a  monkey  with  measles  blood.  After  nine  days  the  animal  developed 
fever;  two  other  monkeys  were  then  inoculated  with  the  blood  of  the 
first  animal,  and  reacted  in  the  same  manner.  At  the  same  time  a 
child  was  inoculated  with  the  blood  from  the  first  monkey  and  developed 
typical  measles.  The  blood  of  this  child  was  injected  into  three  mon- 
keys, and  of  these  two  reacted  with  fever,  as  did  the  first,* 

Blake  and  Trask  (39)  disposed  of  the  validity  of  Sellard  and  Went- 
worth's  objections  in  another  manner.  They  used  no  blood  at  all, 
but  injected  naso-pharyngeal  washings  intratracheally.  Of  ten  mon- 
keys which  were  tested  in  this  manner,  eight  developed  symptoms 
suggestive  of  measles,  one  gave  a  doubtful  result,  and  one  died  before 
the  expiration  of  the  period  of  incubation.     The  same  results   were 

1  It  should  be  stated  that  Nicolle  and  Conseil's  animals  developed  no  eruption, 
which  is  contrary  to  the  findings  of  Goldberger  and  Anderson,  who  noted  this 
often,  though  not  in  all  cases.  Possibly  this  may  be  due  to  the  fact  that  different 
species  of  monkeys  were  used. 
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obtained  with  the  naso-pharyngeal  washings,  after  filtration  through 
Berkefeld  N  candles,  and  followed  spraying  of  the  nose  and  throat, 
as  well  as  after  intratracheal  inoculation.  The  animals  which  recovered 
had  become  immune  to  a  repetition  of  the  treatment.  Animal  passage 
was  also  secured,  so  that  the  argument  that  a  soluble  toxin  may  have 
been  responsible  for  the  clinical  picture  can  be  ruled  out. 

It  is  to  be  noted  that  in  Blake  and  Trask's  series  the  clinical  picture 
seemed  to  be  quite  constant,  and  it  is  noteworthy  that  both  exanthems 
and  enanthems  developed,  and  that  the  histological  examination  of 
both  showed  the  same  lesions  as  are  found  in  the  human  disease. 

Inasmuch  as  monkey  material  is  expensive,  and  the  possibility  of 
investigating  problems  connected  with  the  subject  of  measles  would 
thus  be  limited,  renewed  attempts  have  been  made  to  infect  the  or- 
dinary laboratory  animals,  notably  guinea  pigs  and  rabbits,  with  the 
measles  virus.  It  was  to  be  expected  that  any  clinical  symptoms  that 
would  be  produced,  would  probably  or  at  least  possibly  be  even  less 
characteristic  and  less  constant  in  these  animals  than  in  monkeys,  and 
for  this  reason  some  of  the  investigators  sought  to  ascertain  whether 
other  effects  might  not  be  noted,  which  could  serve  as  criterion  of 
successful  infection.  Results  of  definite  value  have,  as  a  matter  of 
fact,  been  achieved  along  these  lines.  It  has  thus  been  shown  that 
rabbits  are  quite  susceptible  to  the  action  of  the  measles  virus,  both 
when  introduced  in  the  form  of  blood  or  of  filtered  naso-pharyngeal 
secretion,  if  obtained  early  in  the  course  of  the  eruptive  period. 

Nevin  and  Bittman  (40)  found  that  in  nearly  all  of  their  animals, 
which  had  been  inoculated  with  blood,  definite  clinical  symptoms 
developed  between  the  thirteenth  and  seventeenth  day  following  the 
inoculation,  such  as  conjunctivitis  with  moderate  edema  of  the  lids, 
a  little  diarrhea,  a  slight  exanthem,  followed  by  desquamation  in  the 
shaved  axillary  and  thoracic  regions,  and  sometimes  hypcrcmic  spots 
on  the  labial  mucosa.  Nevin  and  Bittman  report  that  in  their  scries 
fever  was  inconstant.  Especially  interesting  was  the  fact  that  the  same 
results  were  obtained  in  a  second  series  of  animals,  which  had  been 
inoculated  with  blood  from  the  first  series. 

Duval  and  d'Aunoy  (41)  obtained  similar  results.  They  report, 
however,  that  the  period  of  incubation  was  only  of  two  to  five  days' 
dumtion;  pyrexittl  and  cutaneous  as  well  as  hnurocytic  reactions  ap- 
peared. The  rise  in  temperature  took  j)la(re  on  the  l4)urth  day  and 
ooncomitantly  witli  it  there  occurred  a  diminution  of  the  total  number 
of  the  leucocytes.     While  90  per  cent  of  their  animals  gave  u  pyrexial 
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and  leucocytic  response  to  the  inoculation,  only  about  40  per  cent 
developed  a  rash.  Coryza,  conjunctival  injection  and  enanthems  on 
the  buccal  mucosa  of  the  oral  cavity  were  common  symptoms.  Re- 
peated passage  through  rabbits  seemed  to  increase  the  virulence  of 
the  virus.  A  number  of  animals  thus  succumbed  in  the  fourth  and 
subsequent  generations,  and  in  these  grave  nephritic  changes  could 
be  demonstrated  at  autopsy.  A  similar  pyrexial  and  leucocytic  re- 
sponse was  obtained  in  guinea  pigs,  but  in  these  animals  the  incubation 
period  was  longer,  viz.,  nine  to  twelve  days.  Nephritis  was  a  constant 
symptom.  Cross  passages  from  rabbits  to  guinea  pigs  and  vice  versa, 
were  successful,  and  the  guinea  pigs  which  had  reacted  and  recovered 
were  not  susceptible  to  reinoculation  with  measles  blood  when  tested 
over  periods  of  two  weeks  to  three  months  after  recovery. 

Corresponding  results  were  obtained  by  Grund  (42)  and  Duval  and 
d'Aunoy  (41)  with  the  filtered  naso-pharyngeal  secretion  of  measles 
patients.  Curiously  Grund,  in  rabbits,  was  unable  to  effect  animal 
passage  by  starting  with  material  taken  from  the  living  animals,  but 
did  succeed  if  the  inoculations  were  made  with  the  blood  and  lung 
juice  of  animals  that  had  succumbed  to  experimental  measles. 

On  the  basis  of  the  experimental  work  that  has  thus  far  been  done 
the  conclusion  would  seem  to  be  justifiable  that  the  measles  virus  is  a 
filter  passer,  that  it  is  present  in  the  blood  and  naso-pharyngeal  secre- 
tion of  patients  during  the  early  eruptive  stage  of  the  disease,  and  that 
rabbits  and  guinea  pigs  may  properly  be  used  for  the  propagation  of 
the  virus  in  the  laboratory  and  the  study  of  its  properties.  Such 
investigations  are  now  urgently  needed,  and  should  determine  the 
r61e  which  Tunnicliff's  green  producmg  diplococcus  (43)  plays  in  the 
etiology  of  the  disease. 

d.  Trachoma  and  inclusion  hlenorrhea.  The  search  for  the  etiological 
agent  of  trachoma  has  been  attended  by  great  difficulties,  owing  in 
large  part  to  the  remarkable  tendency  of  the  disease  to  become  com- 
plicated by  various  bacterial  infections.  These  infections  have  misled 
various  investigators  into  the  belief  that  the  particular  organisms  which 
they  happened  to  encounter  with  some  degree  of  regularity  represented 
the  cause  of  the  malady.  In  every  instance  further  investigations 
have  demonstrated  that  the  suspected  bacillus  or  coccus  was  merely 
a  concomitant  organism  or  a  secondaiy  invader. 

In  1907  V.  Prowazek  and  Halberstaedter  (44)  made  the  discovery 
that  peculiar  inclusions  may  be  found  in  the  epithelial  cells  of  the 
diseased  conjunctiva  of  both  human  natients  and  orang-utangs  that 
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had  been  inoculated  with  trachomatous  material.  The  study  of  the 
structure  of  these  inclusions  led  v.  Prowazek  to  the  development  of 
his  chlamydozoal  doctrine  and  the  conclusion  that  in  this  particular 
instance  the  constituent  granules  of  the  inclusions  represented  the 
etiological  agent.  Cell  inclusions,  in  the  sense  of  v.  Prowazek,  it  will 
be  recalled,  signify  the  presence  of  a  filterable  virus  which,  after  invad- 
ing a  cell,  calls  forth  the  deposition  of  a  reaction  product  about  the 
individual  granules. 

That  the  virus  of  trachoma  is  in  reality  filterable  has  been  shown  by 
Bertarelh  and  Cechetto  (45)  as  well  as  by  NicoUe,  Cuenod  and  Blaizot 
(46). 

Noguchi  and  Cohen  (47)  claimed  to  have  cultivated  the  virus  in 
question,  but  it  is  to  be  noted  that  they  were  unable  to  produce  tj'pical 
lesions  with  the  cultures.  In  the  same  year  (1913)  Halberstaedter  and  v. 
Prowazek  announced  that  they  had  observed  an  increase  in  the  number 
of  inclusions  in  the  epithelial  cells,  which  they  had  attempted  to 
cultivate. 

A  fair  degree  of  headway  seemed  thus  to  have  been  made  in  the 
solution  of  the  problem  of  trachoma,  when  Heymann  (48)  announced 
that  he  had  met  with  similar  inclusions  in  several  cases  of  gonorrheal 
blenorrhea  neonatorum,  and  expressed  the  opinion  that  they  repre- 
sented a  specific  reaction  to  the  gonococcal  virus.  A  thorough  study 
of  this  question  then  led  to  the  interesting  discovery  of  the  existence 
of  an  inclusion  blenorrhea  as  a  malady  sui  generis,  which  primarily 
affects  the  genitaUa  of  both  male  and  female  and  secondarily  the  eyes 
of  the  new-bom.  This  type  of  blenorrhea  it  is  now  known  may  be 
associated  with  a  gonococcal  infection,  as  well  as  with  other  bacterial 
infections  (pneumococci,  diphtheria  bacilli),  but  when  this  occurs 
the  processes  are  independent  of  each  other. 

The  discovery  of  the  occurrence  of  inclusions  in  connection  with 
blenorrhea  of  this  type  naturally  threw  doubt  upon  the  correctness  of 
V.  Prowazek's  view,  that  the  constituent  granules  making  up  the  in- 
clusions found  in  trachoma  actually  represented  the  trachomatous  virus. 
Various  suggeHtioiis  have  accordingly  been  made  to  uccouut.  for  their 
appearance  in  trachoma,  on  the  one  hand,  and  in  inclusion  blenorrhea, 
on  the  other.  Lindner  (49)  did  not  hesitate  to  declare  the  two  proc- 
VHHCH  lis  identical,  for  in  two  l)al)oons  which  he  inocrulutod  with  pure 
inclusion  bicnorrheal  material  ho  claims  to  have  obtained  a  clinical 
and  pathological  picture  which  could  not  be  distinguished  from  tra- 
choma.    Wolfruin  (5(J)  even  went  so  far  as  to  inoculate"  the  scn^'etion 
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f loin  a  pure  case  of  inclusion  blenorrhea  neonatorum  into  a  normal  eye 
of  a  human  being,  with  the  consequent  development  of  the  typical 
picture  of  trachoma.  These  two  experiments  would  seem  to  settle 
the  question  of  the  identity  of  the  virus  of  trachoma  and  inclusion 
blenorrhea  were  it  not  for  the  fact  that  ophthalmologists  do  not  seem 
to  agree  in  their  opinion  whether  the  diagnosis  of  trachoma  can  be 
made  with  certainty  during  the  early  stages  of  the  malady,  i.e.,  at  a 
time  when  pannus  and  scar  tissue  formation  have  not  yet  developed, 
and  when  granules  represent  the  sole  lesion. 

One  point  which  has  struck  the  writer  as  rather  peculiar  is  that 
inclusions  in  trachoma  supposedly  can  only  be  demonstrated  during 
the  very  earliest  stages  of  the  disease,  and  that  later  on  they  are  absent, 
the  inference  being  that  when  they  cannot  be  found  the  condition 
must  be  viewed  as  having  passed  beyond  the  earUest  stage.  This, 
however,  is  not  always  true,  and  one  asks  oneself  whether  Heymann  may 
not  be  correct  in  assuming  that  trachoma  is  after  all  a  disease  sui 
generis,  the  cause  of  which  is  still  unknown,  and  that  those  cases,  where 
inclusions  are  demonstrable,  represent  a  double  infection,  viz.,  of 
trachoma  with  inclusion  blenorrhea  superadded,  and  that  the  in- 
clusions really  do  not  belong  to  the  picture  of  trachoma.  A  great 
deal  of  work  is  evidently  yet  to  be  done  before  this  problem  is  solved, 
and  it  is  rather  surprising  that  during  the  past  ten  years  so  few  investi- 
gations in  this  direction  have  been  undertaken.  If  the  enormous 
importance  of  trachoma  as  a  public  health  problem  and  a  source  of 
human  misery  in  so  many  parts  of  the  world  be  borne  in  mind,  this 
should  constitute  a  sufficient  impetus  for  prompt  and  active  investiga- 
tion, aside  from  its  interesting  scientific  aspects. 

e.  Filter-able  viruses  and  plant  and  insect  diseases.  In  conclusion  we 
would  briefly  refer  to  the  growing  interest  which  the  filterable  viruses 
have  elicited  amongst  plant  pathologists  and  entomologists. 

It  will  be  recalled  that  the  existence  of  the  filterable  viruses  was 
first  discovered  in  a  plant  disease,  viz.,  the  so-called  mosaic  disease  of 
tobacco,  the  economic  importance  of  which  is  sufficiently  attested  by 
the  fact  that  the  United  States  Department  of  Agriculture  in  its  Bureau 
of  Plant  Industry  maintains  a  special  division  in  which  the  etiology 
and  measures  of  control  of  this  disease  are  continually  being  studied. 
Doctor  Allard's  name  deserves  special  attention  in  this  connection, 
for  he  has  unquestionably  done  more  than  any  other  investigator  in 
elucidating  the  nature  and  properties  of  the  virus  and  its  mode  of 
dissemination  (51). 
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The  demonstration  of  the  connection  of  a  filterable  virus  with  the 
mosaic  disease  of  tobacco  has  naturally  led  to  a  study  of  other  diseases 
which  affect  plants,  that  are  of  interest  to  the  agriculturalist,  such  as 
the  mosaic  disease  of  cabbage,  of  corn,  of  Irish  potatoes,  of  cucumbers, 
of  beans,  of  sugar  corn  and  other  grasses  from  a  like  angle.  The  initial 
studies  which  have  thus  far  been  made  clearly  show  the  enormity  of 
the  problem. 

It  has  been  shown  already  that  in  the  dissemination  of  these  diseases 
in  the  plant  world  insects  probably  play  a  very  important  role,  and 
an  investigation  of  the  viriLses  within  the  insects  has  thus  suggested 
itself  as  yet  another  field  for  the  study  of  these  interesting  disease- 
producing  agencies. 

That  insects  in  turn  may  not  merely  act  as  transmitters  of  filterable 
virus  diseases  to  plants  and  animals  (e.g.,  Pappataci  fever,  dengue, 
catarrhal  fever  of  sheep,  etc.),  but  may  themselves  fall  a  prey  to  their 
activity,  has  been  established  in  several  instances,  viz.,  in  connection 
with  the  so-called  polyhedral  disease  (52)  (jaundice)  of  silk  worms 
(v.  Prowazek),  the  wilt  disease  of  the  European  nun  moth  (53)  (Wahl), 
and  the  American  gypsy  moth  caterpillare  (R.  Glaser)  (54)  and  the 
sacbrood  of  bees  (White)  (55).  So  far  as  we  are  acquainted  with  the 
filterable  viruses,  they  are  destnictivc  or  at  least  harmful  to  their 
hosts,  but  that  some  of  them  may  also  prove  of  benefit,  to  men  at  least, 
is  indicated  by  the  fact  that  the  appearance  of  wilt  disease  amongst 
gypsy  moths  has  probably  done  more  to  bring  about  the  eradication 
of  this  pest  in  this  country  than  all  attempts  at  control  by  man. 
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MINERAL  METABOLISM  IN  RELATION  TO  ACID-BASE 
EQUILIBRIUM 

A.  T.  SHOHL 
Department  oj  Pediatrics,  Yale  University  School  of  Medicine,  New  Haven 

Liebig's  researches  in  1840  (125),  (126)  on  the  minerals  in  plants  and 
in  animal  tissues  were  the  first  scientific  approach  to  the  problem 
of  mineral  metabohsm.  Then  in  rapid  succession  came  the  analyses  of 
bone  by  Bibra,  in  1844  (9);  the  discovery  of  the  alkaline  tide  of  the 
urine  by  Bence  Jones  in  1850  (105);  studies  on  the  effects  of  acids  and 
alkalies  on  mineral  excretion  by  Buchheim  and  his  students  at  Dorpat, 
(29),  (41),  (150),  (236)  in  1850-1865;  and  the  researches  of  Bunge 
(25),  (26)  who  worked  more  than  twenty  years  on  the  composition  of 
blood  and  milk  and  the  action  of  salts.  Soon  the  problems  of  mineral 
metabolism  spread  to  many  fields.  Reviews  of  the  early  literature 
have  been  made  by  Voit  in  1882  (227),  and  Loewi  in  1907  (129),  (130). 
In  1906  Albu  and  Neuberg  (3)  published  the  first  monograph  on  the 
subject.  A  monograph  by  Forbes  and  Keith  (49)  contains  references 
to  all  the  aspects  of  metabolism  studies  in  which  phosphorus  plays 
a  part.  Matill  and  Matill  (140)  have  made  the  latest  review  of  mineral 
metabolism. 

In  recent  years  investigations  emphasize  the  physiological  impor- 
tance not  only  of  minerals  but  also  of  the  resultant  hydrogen  ion  con- 
centration to  botany  and  soil  chemistry,  to  muscle  contraction,  nerve 
irritability,  cell  permeability  and  bacterial  growth.  In  metabolism 
the  new  type  of  biological  experiments — feeding  animals  with  pm-ified 
substances — necessitated  the  careful  consideration  of  salts  in  food. 
New  studies  have  also  clarified  problems  in  acidosis  and  alkalosis. 
Data  obtained  from  these  various  sources  have  renewed  interest  in 
mineral  metabolism  of  human  beings. 

Most  studies  have  been  fragmentary — each  investigation  has  dealt 
with  one  or  several  mineral  constituents.  A  few  complete  studies 
were  made,  but  even  from  these  no  conclusions  have  been  drawn  as 
to  the  significance  of  mineral  metabolism  in  acid-base  economy.  In 
order  to  recognize  this  relationship,  intake  and  output  of  salts  must 
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be  calculated  in  common  terms;  namely,  as  normal  solutions.  The 
analogy  to  energy  metabolism  is  obvious.  Salts  can  be  evaluated  in 
cubic  centimeters  of  normal  solution  just  as  grams  of  protein,  carbo- 
hydrate and  fat  can  be  reckoned  in  calories.  The  calcium  requirement 
can  be  expressed  in  cubic  centimeters  of  normal  solution  or  per  cent 
of  the  total  cubic  centimeters  of  salt,  just  as  the  protein  requirement 
can  be  stated  in  calories  or  in  per  cent  of  the  total  calories.  Given 
the  total  requirement,  the  extent  to  which  salts  are  interchangeable 
must  be  determined  for  the  various  radicals,  just  as  isodynamic  quanti- 
ties of  fat  and  carbohydrate  can  be  calculated.  Amomits  of  minerals 
can  be  compared  directly  as  chemical  equivalents.  It  can  thus  be 
determined  whether  food  and  excreta  are  acid  or  basic  and  whether 
the  metabolism  has  resulted  in  a  gain  or  loss  of  acids  or  base. 

Mineral  metabolism  studies  must  be  recalculated  in  terms  of  acid 
or  base.  A  measurement  of  intake  and  output  of  a  substance  shows 
the  "balance."  When  acid  or  base  is  retained,  the  balance  is  positive; 
when  excreted  in  excess  of  intake,  the  balance  is  negative;  and  when 
the  body  neither  gains  nor  loses,  it  is  said  to  be  in  acid-base  eqliilibrium. 
The  value  of  acid  or  basic  solutions  can  be  stated  in  cubic  centimeters 
of  normal  solutions — plus  sign  for  acid  or  minus  sign  for  base.  For 
purposes  of  the  computation  of  analyses  in  terms  of  acid  or  base,  sodium, 
potassium,  calcium  and  magnesium  form  the  "base"  value;  sulphur, 
chlorine  and  phosphorus,  the  "acid"  value.  Sodium,  potassium  and 
chlorine  are  monovalent;  calcium,  magnesimn  and  sulphate  arc  divalent. 
Phosphorus  is  calculated  by  Sherman  as  divalent,  but  in  the  body  it  is 
1.8.  The  algebraic  sum  gives  the  excess  of  acid  or  base.  Such  prob- 
lems, as  the  fractions  of  the  phosphorus  and  sulphur  winch  are  burned 
to  form  acid  radicals,  make  accurate  computation  difficult.  In  stating 
the  value  of  acid-base  metabolism,  it  is  convenient  to  speak  not  of 
acid  balance,  but  always  of  "base  balance."  The  acid  or  base  which  is 
lost  or  retained  gives  rise  to  four  po.ssibilities. 

1.  Base  retention  =  positive  base  balance 

2.  Acid  excretion  in  excess  ot  intake  =  positive  l)ase  balance 

3.  Base  excretion  in  excess  of  iutjikc  =  negative  base  balance 

4.  Acid  retention  -^  negative  base  balance 
From  the  nuiriy  f'xccllnit  incluholism  studies,  those  have  been  selected 

in  which  all  the  acid  and  basic  elements  have  been  determined  in  food, 
urine  and  feces  and  which,  therefore,  permit  critical  analysis  of  acid- 
baue  economy.  Kieinents  wliicrh  have  not  an  important  acid  or  base 
value-  -as  iron,  iorhnc,  (hioiine,  iimM^;iineHe,  arseiiie,  sihcon,  (>t('.    -will 
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not  be  covered  in  this  paper.  Though  they  may  be  essential  for  life 
processes,  they  occur  in  such  minute  amounts  that  for  metabolic  ex- 
periments their  acid  or  base  value  can  be  neglected.  We  shall  discuss 
mineral  metabolism  from  five  main  viewpoints:  1,  acid-base  require- 
ments; 2,  acid-base  metabolism;  3,  acid-base  equilibrium  in  the  body; 
4,  the  effect  of  acid  on  mineral  metabolism;  5,  the  effect  of  alkali  on 
mineral  metabolism. 

Acid-base  requirements.  That  the  body  requires  minerals  for 
carrying  on  its  functions  was  clearly  stated  by  Bence  Jones  in  1850, 
(105,  p.  3): 

Some  idea  of  the  comparative  value  of  different  classes  of  substances  is  ob- 
tained by  noting  the  rapidity  with  which  animals  die  when  any  one  of  them  is 
absent  from  their  food.  Thus,  the  following  order  might  be  formed,  1st,  air; 
2nd,  water;  3rd,  organic  substances  containing  nitrogen;  4th,  organic  substances 
free  from  nitrogen;  5th,  inorganic  substances,  the  ashes,  salts. 

Further,  (p.  7): 

With  white  of  egg  ....  the  animal  fed  on  it  alone  died  of  starvation. 
The  same  results  follow  from  a  diet  of  sugar  or  fat  alone;  and,  if  nitrogenous  and 
non-nitrogenous  food  was  given  perfectly  free  from  all  saline  matter,  perfect 
nourishment  of  the  body  could  not  take  place.  Still  more  than  this,  if  one  single 
salt  which  exists  in  the  body  was  left  entirely  out  of  the  food,  disease,  if  not  death, 
results. 

Salt  starvation.  The  above  statements  are  clear  but  lack  convincing 
experimental  proof;  they  were  given  weight  by  the  classic  experiments 
of  Forster  (52).  He  showed  that  diets  which  were  salt  free  but 
otherwise  adequate  caused  death. 

Pigeons,  which  were  fed  with  salt  poor  diets,  died  in  thirteen,  fifteen,  and 
twenty-nine  days;  two  dogs  likewise  fed,  after  twenty-six  and  thirty-six  days, 
were  near  death.  Because  the  animals  were  in  nitrogen  equilibrium,  death  can 
only  be  attributed  to  the  lack  of  the  ash  materials  in  the  diet.  The  intake  of 
these  should  not  fall  below  definite  limits.  With  the  most  complete  removal 
of  the  minerals  in  the  diet  of  grown  animals,  the  processes  of  metabolism,  catab- 
olism,  and  destruction  go  on  in  the  same  way  as  in  the  usual  diet,  adequate  in 
all  respects.  Still  profound  disturbances  in  the  function  of  the  organs  come 
about,  which  hinder  changes  of  the  food  material  into  absorbable  modifications 
and  the  substitution  of  destroyed  body  materials.  In  part  the  processes  neces- 
sary for  life  are  depressed  before  the  impossibility  of  a  lasting  food  absorption 
draws  destruction  and  death  after  it. 

Although  the  dog  remained  in  approximate  nitrogen  equilibrium  on  a  diet 
of  meat  powder,  fat,  and  starch,  the  salt  content  of  excretion  was  small  but  was 
always  greater  than  the  intake.  Stupidity,  loss  of  interest,  trembling,  musclq 
weakness,  paralysis  of  the  hind  lees  and  later  convulsions  and  raging  developed- 
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Although  the  body  contained  probably  1500  gm.  of  salts  at  the  onset,  this  con- 
dition entailed  the  loss  in  feces  and  urine  of  only  30  gm.  P2O6  and  7  gm.  NaCl  in 
twenty -six  days. 

Bunge  felt  this  might  be  due  to  the  production  of  sulphuric  acid  in 
the  metabolism  of  the  protein.  At  his  suggestion,  therefore,  Lunin 
(132)  repeated  these  experiments  on  mice,  using  a  diet  containing 
only  0.06  per  cent  of  ash.  To  this  he  added  NaHCOs.  The  animals 
receiving  the  alkali  lived  longer  than  the  controls,  but  died  showing 
similar  symptoms. 

Taylor  (220)  repeated  these  experiments  on  himself.  He  took  a  diet 
consisting  of  70  grams  of  washed  coagulated  egg  white,  120  grams  of 
washed  fat  and  200  grams  sugar — comprising  2250  calories — and  1  gram 
ash.  There  was  nitrogen  equilibrium;  the  sulphur  in  the  urine  was 
fairly  constant  and  of  such  magnitude  as  to  indicate  that  it  came  from 
the  food.  Phosphate  excretion  reached  a  constant  level  of  0.8  gram 
PO4,  chlorine  fell  to  0.2  gram  per  day,  and  calcium  and  magnesium 
disappeared  from  the  urine  after  the  fourth  day.  The  acidity  of  the 
urine  was  measured  by  the  hydrogen  electrode  but  the  value  is  probably 
incorrect.  The  urine  is  too  acid  for  the  accompanying  ammonia,  which 
stayed  constant.  On  the  ninth  day  acetone  was  observed  on  the 
breath  and  the  experiment  was  discontinued.  Taylor  describes  his 
main  complaint  as  loss  of  appetite;  his  nervous  symptoms  wore  sore- 
ness in  the  muscles,  with  normal  reflexes  and  circulation.  There  was 
marked  diaphoresis  and  diuresis.  He  lost  1.5  kgm.  of  weight  but  this 
was  regained  as  soon  as  the  experiment  was  discontinued.  Since  the 
feces  were  not  analyzed,  it  is  impossible  to  compute  the  balances. 

Goodall  and  Joslin  (70),  working  under  Folin's  direction,  repeated 
this  experiment  on  two  students,  giving  attention  to  the  fractions  of 
nitrogen  and  sulphur.  They  kept  one  man  on  the  diet  for  thirteen 
days  and  the  other  for  nine  days.  They  confirmed  Taylor's  experi- 
ments in  all  particulars,  except  that  no  acetone  was  formed.  Thoy 
also  failed  to  analyze  the  feces,  so  that  no  data  are  available  as  to  the 
minerals  lost  in  inetaboli.sm.  They  also  bring  out  the  fact  tlmt  there 
was  rapid  loss  of  woiglit.  One  man  lost  2.5  kgm.  in  the  first  three  days 
and  2.5  kgm.  in  the  next  ten  days.  In  the  seventy-two  hours  after 
the  experiment  was  discontimied  ho  gained  1.1  kgm. 

V.  Wondt  (234)  has  studied  his  complete  mineral  metabolisni  during 
fourteen  days  for  1st,  a  diet  low  in  both  ash  and  protein;  and  during 
twelve  days  for  2nd,  a  diet  low  in  ash  and  liberal  in  prolixin.  Th(\s(» 
arc  not  reported  in  defail  because  he  nm(h'  n  series  of  salt  additions 
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which,  therefore,  make  interpretation  difficult.  To  calculate  the  base 
balance  is  also  difficult  since  he  does  not  give  the  separate  values  for 
sodium  and  potassium. 

This  remarkable  group  of  experiments  should  be  repeated  and  the 
total  mineral  metabolism  determined.  The  conditions  in  salt  starva- 
tion differ  from  those  in  fasting;  in  salt  starvation  no  body  protein  is 
destroyed,  with  consequent  acid  production.  Hence  the  acid-base 
value  of  the  excretion  should  be  different. 

Fasting.  Benedict  (8)  determined  all  the  acids  and  bases  in  the 
urine  of  a  fasting  man  over  the  whole  period  of  thirty-one  days  and, 
as  there  were  no  stools,  the  values  represent  the  total  excretion.     Com- 

TABLE  1 
Benedict's  fasting  man — Average  excretion  per  day 


, 

cc.  0.1  N 

cc.  0.1  N 

CI ; 

111 
465 
355 

Ca 

105 

p 

Me 

55 

s 

K 

228 

Na             

114 

(1)  Acids... 

+931 
-502 

(2)  Bases 

-502 

(2)  Excretion 

(3)  =  (1)  - 

+428 

puted  on  the  basis  of  normal  solutions,  as  shown  in  table  1,  the  excre- 
tion represents  a  daily  average  for  thirty-one  days  of  931  cc.  O.lN  of 
acids  radicals,  502  cc.  of  alkali  radicals,  or  an  excretion  of  acid  of  428  cc. 
O.lN.  For  the  total  period,  13,268  cc.  O.lN  acid  were  excreted  from 
an  alkaline  blood. 

In  fasting  the  great  loss  in  weight  is  largely  due  to  the  loss  of  fluids. 
There  is  also  a  breakdown  of  body  substance.  Mineral  excretion 
represents  the  sum  of  these  two.  Gamble  (1921)  has  taken  into  con- 
sideration this  loss  of  "body  water"  as  a  source  of  mineral  output. 
The  data,  when  published,  will  permit  calculation  of  the  acid  base 
metabolism.  The  loss  of  body  fluids  in  salt  starvation  and  fasting 
indicates  the  practicallmportance  of  acid-base  metabolism  in  anhy- 
dremia. 

Normal  requirements  for  adults.  The  need  of  minerals  can  be 
ascertained  from  dietary  studies  of  freely  chosen  dietaries.  The 
first  study  of  this  type  was  that  of  Sherman  on  iron  (197).  Shortly 
following  appeared  that  of  Sherman,  Mettler  and  Sinclair  (198),  of 
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Tiegerstedt  (221),  and  of  Horneman  (91)  on  calcium,  magnesium  and 
phosphorus. 

Sherman  has  completed  his  original  purpose  of  analyzing  diets  for 
all  the  elements  and  has  given  the  average  intakes  of  the  mineral  con- 
stituents of  150  American  dietaries  (199,  p.  271)  calculated  on  per  man 
per  day  and  per  3000  calorie  basis.  The  minimum  is  probably  some- 
thing below,  and  the  average  above,  the  actual  requirement.  These 
can  be  compared  with  data  he  has  more  recently  published,  derived 
from  metabolism  experiments  (204) ;  the  calcium  requirement,  average 
of  97  studies,  is  0.45  gram,  or  225  cc.  per  man  per  day  (201)  and  the 


Sherman's  data  for 

minerals 

TABLE  2 
in  food,  calculated  as 

normal  solutions 

ACIDS 

ALKALI 

cc.O.l  N 

cc.O.l  N 

Mini- 
mum 

Aver- 
age 

Mini- 
mum 

Aver- 
age 

P 

418 
233 
498 

925 
810 
813 

Ca 
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•     96 
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CI 

Me 

283 

8                      

K 

870 

Na 

Bases 

850 

(1)  Acids 

+949 
-829 

+2548 
-2368 

(2)  Bases. 

-829 

-2368 

(3)  -  (1)  -  (2)  Food 

+  120 

+  180 

phosphorus  requirement,  average  of  95  studies,  is  0.88  gram,  or  464  cc. 
O.IN.  Sherman's  figures  in  terms  of  acid  or  base  value  per  3000 
calories  per  day  are  recalculated  in  table  2. 

Blatherwick  (17)  has  by  similar  calculations  found  in  thirty-two  army 
dietary  studies  an  average  of  22  cc.  O.IN  acid  per  man  per  day,  with 
variations  from  494  cc.  of  acid  to  250  cc.  of  alkali.  Since  these  diets 
were  adequate  in  other  respects  and  the  men  thrived  upon  them, 
it  is  only  fair  to  assume  that  other  freely  chosen  mixed  diets  would 
vary  as  widely  in  acid-base  values  when  studied  over  short  jxMiods. 
liecauHo  Sherman's  data  an?  so  well  checked  by  metabolism  studies, 
they  more  accurately  represent  the  needs  of  the  body.  Th(»  nonual 
requirements  of  an  adult  are,  therefore,  approxinuitely  150  cc.  O.IN 
acid  per  day. 

AciD-BABB  METADOLIHM.  Dietetic  studies  on  large  groups  to  de- 
termine the  normal  consumption  of  inincnils  giv(>  us   no  insight  as  to 
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their  use  in  the  body.  The  changes  which  take  place  can  be  deter- 
mined only  roughly.  Inadequacy  of  the  diet  is  shown  by  gross  patho- 
logical changes  or  death.  The  acid-base  metabolism  can  be  calculated 
from  suitable  data  in  the  literature  for  1,  fetus;  2,  infant;  3,  child; 
4,  adult;  5,  women  during  pregnancy  and  lactation. 

Fetus.  For  the  fetus  the  problem  of  mineral  metabolism  is  simplified. 
We  cannot  estimate  the  intake  and  output,  but  can  only  take  into 
account  the  balance.  The  balance  is,  of  course,  positive  for  all  ele- 
ments and  represents  the  retention  of  minerals  during  growth.  Ex- 
tensive work  has  been  done  on  ash  analysis  of  the  fetus  and  the  new- 
born. There  is  an  excellent  review  of  this  material  in  Czerny  and 
Keller  (32),  chapter  14.  The  original  object  of  much  of  the  work 
was  to  determine  whether  Bunge's  theory  that  the  ash  of  the  fetus 
resembled  the  mother's  milk  rather  than  the  mother's  blood  could 
be  substantiated.  The  facts  did  not  bear  out  this  theory- — and  Bunge 
was  led  to  modify  the  theory  to  the  following — that  the  thne  required 
for  the  fetus  to  double  its  weight  was  dependent  upon  the  composition 
of  the  mother's  milk.  However,  much  valuable  material  has  been 
collected. 

The  data  show  the  relation  of  the  growth  of  the  fetus  to  its  mineral 
metabolism-.  The  weight  and  ash  analysis  of  the  fetus  are  given  by 
Fehling  (44)  and  Camerer  (27).  The  percentage  of  ash  increases  from 
0.001  per  cent  at  six  weeks  to  3.3  per  cent  of  total:  weight  at  term. 
As  the  measurements  and  weights  of  the  fetus  are  given,  the  total 
ash  can  be  calculated  and  equals  at  four  months  0.369  gram;  at  five 
months,  1.33  gram,  at  six  months,  6.0  grams;  at  seven  months,  26.6 
grams;  and  at  term,  100  grams.  The  percentage  of  ash  and  the  total 
value  of  ash  before  four  months  is  so  small  as  to  be  negligible  in  the 
maternal  metabolism.  There  is  an  actual  gain  in  the  weight  of  ash 
from  the  fourth  to  the  fifth  month  of  1.0  gram,  from  the  fifth  to  the 
sixth  of  5.6  grams,  from  the  sixth  to  the  seventh  of  20.0  grams,  and 
from  the  seventh  to  the  ninth  of  73.0  grams.  The  composition  of  the  ash 
of  fetuses  by  Hugounencq  and  Michel,  of  the  new  born  by  Camerer  (27) 
and  Soldner  (206),  and  the  premature  baby  by  Langstein  and  Edel- 
stein  (121)  differ  so  little  that  they  fall  between  the  limits  of  analytical 
errors.  The  mineral  analyses  of  Camerer  and  Soldner  are,  given  in 
table  3,  and  are  also  calculated  as  normal  solutions.  The  total  ash 
value  of  the  fetus  is  11,970  cc.  O.IN  of  acid  radicals,  18,680  cc.  of  basic 
radicals,  a  result  of  6710  cc.  of  base.  The  mother  must,  therefore, 
supply  to  the  fetus  in  basic  radicals  from  the  fourth  to  the  fifth  month 
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186  cc,  from  the  fifth  to  the  sixth  month  1000  cc,  from  the  sixth  to 
the  seventh  month  3736  cc,  and  in  the  last  two  months  13,600  cc. 
Stated  in  other  teiTns,  for  the  last  two  months  the  mother  must  provide 
daily  230  cc.  of  basic  radicals,  145  cc.  O.lN  of  acid  radicals,  resulting 
in  85  cc.  of  base.  For  practical  purposes  it  is  sufficient  to  consider 
that  for  the  last  one  hundred  days  of  pregnancy  the  mother  must  supply 
to  the  fetus  salts  in  the  proportions  shown  in  the  table,  amounting  to 
1.0  gram  of  ash  per  day.  This  does  not  take  into  account  the  needs 
for  the  placenta  or  the  uterus  and  hence  should  be  considered  the 
minimum  of  additional  salts  required  for  the  fetus  alone.  The  value 
of  base  removed  for  the  fetus,  85  cc.  O.lN  per  day,  is  sufficient  to  be 

TABLE  3 

Retention  of  mineral  salts  by  fetus 
Per  gram  of  ash 


Ca 

Mg 

Na 

K 

Bases  (1) 

Acids  (2) 

Balance  (3)  =  (1)  -  (2)... 


OM. 

cc.O.lN 

0.279 
0.0086 
0.057 
0.058 

140.0 

7.2 
24.8 
14.8 

-186.8 
+  119.7 

-67.1 

p 

s 

CI 

Acids  (2) 


QM.       cc.0.1  N 


0.164 
0.008 
0.0661 


96.0 

5.0 

18.7 


+  119.7 


considered  a  cause  for  the  acidosis  shown  by  Hasselbach  to  exist  in 
late  pregnancy.  As  a  minimum,  therefore,  the  diet  of  the  woman  during 
the  last  three  months  of  pregnancy  should  contain  an  addition  of  150 
cc.  0.1  N  base  per  day. 

Infant.  The  fetus  was  shown  to  retain  considerable  amounts  of 
minerals.  So,  too,  must  the  infant  show  retention  of  minerals  during 
its  growth.  In  a  study  of  its  metabolism,  intake  and  output  must  nlso 
be  considered.  As  a  result  of  the  interest  aroused  by  the  Broslau 
School,  numerous  papers  have  appeared,  reviews  of  which  are  found 
in  Meyer  and  Schloss.  But  in  one  particular  or  another  they  arc 
incomplete  and  therefore  unsuited  to  the  present  discussion.  Only 
five  cases  on  normal  infants  contain  data  sufficiently  complete  to  per- 
mit discussion  of  the  acid-base  relationship — of  these,  two  are  cases 
on  brcMt  feeding  and  three  on  artificial  feeding.  Blaui>org  (20), 
(21)  was  the  first  to  study  tho  complete  mineral  metabolism.    He 
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studied  two  babies,  one  breast  fed  and  one  artificially  fed — during  the 
same  period  in  which  Rubner  and  Heubner  (176)  studied  the  latter's 
energy  metabohsm.  Therefore,  the  data  are  especially  valuable  since 
they  permit  correlation  with  other  aspects  of  metabolism. 

Breast  feeding.  The  breast-fed  baby  studied  by  Blauberg  (21)  was 
four  and  three-quarter  months  old,  weighed  6740  grams  and  gained 
10  grams  daily  for  the  six  days  observed.  The  values  of  the  minerals 
calculated  in  normal  solutions,  table  4,  show  a  retention  of  8  cc.  of 
base  per  kgm.  per  daiy. 


Base  b 

TABLE  4 

alance  of  infants 

Breast 
fed 

Breast 
fed 

Cow's 
milk 

Cow's 
milk 

Cow's 

milk 

Blauberg 

Tobler 
and  Noll 

Blauberg 

Shohl 
and  >Sato 

Shohl 

and  Sato 

oc.O.lN 

cc.O.lN 

cc.O.lN 

cc.0.1  N 

cc.O.lN 

J   (1)  bases 

-54 
+  14 

-70 

+  18 

-545 
+  261 

-477 
+  123 

-332 

Feces  value  |  ^^^  ^^.^^ 

+  90 

(1)  _  (2)  =     (3)  total 

-40 
-66 
+40 

-52 
-49 
+33 

-284 
-376 
+368 

-354 
-357 
+570 

-242 

(4)  bases 

-289 

Urine  value     (5)  acids 

+366 

(4)  -  (5)  =     (6)  total 

Total  output  (7)  =  (6)  +  (3) 

-26 
-  66 
-118 

-16 
-  68 
-147 

-     8 
-292 
-613 

+213 
-141 
-255 

+  77 
-165 

Food  value  (8) 

-211 

(7).... 

Positive  base  balance  (9)  =  (8)  — 
Positive  base  balance  per  kilo 

-  52 

8 

-  79 

18.2 

-321* 
26 

-11.4 
12 

-  46 

8 

*When  199  cc.  0.1  N  are  subtracted  for  negative  balances,  the  value  is  —222 
0.1  N. 

Similarly,  the  baby  studied  by  Tobler  and  Noll  (224)  was  two  and 
one-half  months  old,  weighed  4  kgm.  and  gained  25  grams  daily  for  the 
six  days  observed.  The  positive  base  balance  amounted  to  18.2  cc. 
0.1  N.  This  is  larger  than  for  the  baby  studied  by  Blauberg,  but  the 
gain  in  weight  was  proportionally  greater.  Also,  even  though  the 
baby  was  smaller,  he  took  more  food. 

Artificially-fed.  In  Blauberg's  second  study  (20)  the  baby  was 
seven  and  one-half  months  old,  weighed  7570  grams,  gained  daily 
21.66  grams  for  the  six  days  observed,  and  was  fed  cow's  milk  and  added 
lactose.     Unfortunately  for  the  value  of  this  experiment,  there  were 
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negative  balances  of  chlorine,  sulphur  and  sodium.  The  hahy  should 
show  gains  for  all  the  minerals.  We  have  in  table  4  made  a  correction 
for  the  negative  balances,  but  have  not  estimated  the  probable  reten- 
tions. The  value  of  26  cc.  retention  per  kilo  would  then  probably 
more  nearly  equal  the  balances  of  the  following  two  cases. 

In  the  two  cases  of  Shohl  and  Sato  (205),  the  babies  were  seven  and 
one-half  and  nine  months  old,  weighed  8.7  kgm.  and  5.5  kgm.,  gained 
daily  15  grams  each  for  the  thi'ee  days  observed.  Thej'^  were  fed  on 
cow's  milk  and  cane  sugar.  They  showed  a  positive  base  balance  of 
12  cc.  and  8  cc.  O.IN.  Therefore,  the  metabolism  in  infancy  results 
in  a  base  retention  per  kilo  per  day  of  10  to  15  cc.  O.IN. 

Child.  The  data  for  infant  metabolism  are  voluminous — that  for 
children  is  rare.  Herbst's  excellent  study  (84)  is  lacking  only  in  the 
sulphur  balance.  Schwarz  has  suppHed  data  on  the  sulphur  metabolism 
and  its  relation  to  the  nitrogen  so  that  these  values  may,  for  orientation 
purposes,  be  substituted.  However,  we  prefer  to  consider  the  only 
complete  mineral  metabolism  study  of  children  available,  that  of 
Sawyer,  Bauman  and  Stevens  (184).  They  have  studied  the  metabo- 
lism of  two  children,  ages  five  and  eight  years,  weighing  22.5  and  23.0 
kgm.,  for  three-day  periods. 

We  have  recalculated  their  data,  not  considering  ammonia  as  an 
fllkali,  and  also  calculated  the  value  of  the  food  which  they  analyzed. 
Their  figures,  as  sho^vn  in  table  5,  resolve  into  a  retention  of  10.0  cc. 
and  14.5  cc.  O.IN  base  per  kilo  per  day.  The  values  are  practically 
the  same  as  those  found  for  infants. 

The  value  of  retention  can  be  evaluated,  as  for  the  fetus,  from  the 
composition  of  the  ash  of  the  body.  Such  figures  for  normals  are  more 
difficult  to  obtain  in  children  and  adults  and  more  data  arc  urgently 
needed.  Brubacher  was  unable  to  obtain  complete  autopsies.  The 
outstanding  conclusion  from  analyses  (36),  (207),  (216)  is  that  the 
composition  of  the  body  of  a  child,  in  respect  to  its  minerals,  is  very 
flimilar  to  that  of  the  fetus  and  new-born,  and  is  constant  in  health  and 
diHcafic.  Afl  in  the  fetus,  the  ash  increases  at  a  more  rapid  rate  than 
docs  the  total  weight.  If  we  calculate  the  asli  as  3.3  per  cent  of  the 
weight  at  birth  and  4  per  cent  at  the  end  of  the  first  year  and  the  weight 
at  birth  as  3.3  kgm.  and  at  the  end  of  the  first  year  as  10.0  kgm.,  then 
the  a«h  increaseH  from  1(K)  grams  to  400  grams.  The  total  alkali  value 
of  the  iMKly  as  calcuhifcd  from  table  2  is  4(H)  X  (>7.1,  or  26,840  cc.  O.IN. 
Thin  rcprtwents  the  total  alkah  store  of  th(»  body  at  one  year.  The 
total  increase  from  birth  is  20,1(X)  cc.  O.IN,  which  equals  58  cc.  per  day. 


MINERAL   METABOLISM  519 

Dividing  this  by  the  average  weight  of  6.6  kgm.,  there  is  found  to  be 
a  retention  of  9  cc.  O.IN  base  per  kilo  per  day.  This  value,  obtained 
by  calculation,  shows  close  agreement  with  the  value  from  metabolism 
studies  of  10  to  15  cc.  O.IN  cc.  per  kilo  per  day. 

Distribution  of  retained  base.  What  becomes  of  the  base  which  is 
stored?  Is  it  possible  to  account  for  a  major  portion?  Obviously, 
as  the  body  grows  its  content  of  alkali  increases.  Among  the  sub- 
stances which  might  neutralize  base  the  first  which  wiU  be  considered 
is  body  protein.  If  a  baby  weighs  3300  grams  at  birth  and  triples  its 
weight  in  a  year,  it  grows  at  the  rate  of  about  20  grams  a  day.  If  we 
assume  15  per  cent  of  the  body  weight  as  protein,  then  it  gains  3  grams 
of  protein  a  day.  If  the  molecular  weight  of  protein  is  15,000  and  it 
is  considered  a  monobasic  salt,  then  to  form  an  alkali  protein  salt 

3 

would  require  a  base  liters  normal,  or  2  cc.  O.IN  alkali  per  day. 

15,000  ^ 

If  we  calculate  the  "alkaline  reserve"  in  the  manner  of  Palmer  and 

Van  Slyke,  assuming  the  body  is  70  per  cent  fluid  and  this  is  0.03  N 

XT  Trn/^     ^u       ^u    u  K  6600X0.03X0.70  ,    .        ^  ,,^ 

NaHCOs,  then  the  baby  grows equals  4  cc.  O.IN 

365 

alkali  per  day. 

The  value  of  the  bones  must  be  taken  into  account  since  they  are 
known  to  be  largely  alkaline  phosphate  and  carbonate,  since  in  in- 
fancy the  largest  deposition  of  bone  growth  takes  place,  and  since  the 
bone  becomes  increasingly  rich  in  carbonate  with  advancing  age. 
The  bone  ash  at  birth  can  be  taken  as  approximately  five-sixths  of 
100  grams,  or  83  grams,  and  at  one  year  as  five  sixths  of  400  grams, 
or  333  grams,  representing  a  daily  gain  of  approximately  0.7  gram  of 
ash.  If  we  assume  that  the  ash  is  20  per  cent  CaCOs  and  80  per  cent 
Ca3(P04)2,  each  gram  of  CaCOs  would  require  200  cc.  base  and  each 
gram  of  Ca3(P04)2  40  cc.  base.  Therefore,  0.80  X  40  equals  32,  and 
0.20  X  200  equals  40,  and  for  each  gram  of  bone  we  have  72  cc,  or 
50  cc.  of  alkali  for  bone  growth  for  one  day.  Thus  we  have  accounted 
for  2  cc.  protein,  4  cc.  alkaline  reserve,  50  cc.  bone,  alkaline  require- 
ment 56  cc.  per  day.  This  leaves  only  2  cc.  of  alkali  to  be  accounted 
for,  as  the  value  of  58  cc.  represents  the  total  requirement. 

Fats.  Fat  in  excessive  amounts,  or  in  ordinary  amounts  in  certain 
pathological  states,  has  been  shown  to  produce  so-called  soap  stools 
in  infants  and  children.  Keller  (108)  demonstrated  an  increase  in 
ammonia  in  the  urines  of  such  infants.  Steinitz  (216)  showed  under 
similar  conditions  a  negative  balance  of  sodium  and  potassium.      The 
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excretion  of  these  radicals  diminished  slightly  in  the  urine,  but  in- 
creased greatly  in  the  stool.  He  therefore  suggested  that  elimination 
of  soaps  caused  a  loss  of  bases,  which  left  the  body  richer  in  acids. 
This  he  called  a  relative  acidosis.  Rothberg  (174),  for  calcium,  and 
Birk  (12),  for  magnesium,  were  able  to  show  that  in  chronic  nutritional 
disturbances  increased  fat  caused  negative  balances.  Keller  (109), 
Freund  (56),  Bahrdt  (7)  and  Givens  (65)  corroborated  these  findings. 
Thus  very  strong  evidence  has  been  collected  to  establish  the  theory 
of  relative  acidosis. 

Sawyer,  Bauman  and  Stevens  have  also  studied  the  effect  of  fat  on 
mineral  metabolism.  On  the  same  two  children  as  were  studied 
during  normal  periods,  they  determined  the  balance  of  all  the  minerals 
when  fat  was  substituted  in  their  diet  for  an  equal  number  of  calories 
of  carbohydrate.  Acidosis  was  produced.  The  alkali  reserve  which 
was  50  and  49  vol.  per  cent  on  the  normal  diets  was  reduced  to  29 
and  37  vol.  per  cent.  The  values  in  table  5  show  that  the  positive 
base  balance  was  reduced  in  C.G.  from  10.0  cc.  (normal  diet)  to  a 
negative  balance  of  0.8  cc.  O.IN  (high  fat  diet)  per  kilo  per  day,  and 
in  R.W.  from  14.5  cc.  (normal  diet)  to  6.0  cc.  O.IN  (high  fat  diet) 
per  kilo  per  day.  During  the  periods  when  the  children  were  in  a 
state  of  acidosis  the  alkali  retention  was  reduced  to  half  the  normal 
or  eliminated. 

The  justification  of  Steinitz's  theory  of  the  action  of  fat  is  not  tenable 
upon  the  finding  of  negative  balances.  The  acidosis  is  only  in  part 
caused  by  loss  of  bases  in  the  feces.  It  depends  also  upon  the  failure 
of  the  urine  to  secrete  acid.  Ammonia  excretion  decreased  in  one  case 
of  Sawyer,  Bauman  and  Stevens.  Tiierefore,  ammonia  is  not  an  es- 
sential feature  of  the  acidosis,  but  only  occurs  when  organic  acids 
are  also  excreted  in  the  urine. 

The  mechanism  by  which  the  acidosis  developed  can  be  scon  by 
studying  the  paths  of  excretion,  table  5.  The  food  value  for  three 
days  for  the  normal  periods  contained  363  cc.  less  acid  than  in  the  fat 
periods.  The  value  of  the  urine  for  C.G.  was  +1459  cc.  and  +1253 
cc.,  and  U.W.  +1787  cc.  and  +1698  cc.  The  value  of  the  stools  for 
C.G.  was  -343  and  -620  and  for  11. W.  -349  and  -478.  The  value 
of  the  total  excretion  for  C.G.  was  +1116  and  +733  and  for  U.W. 
+  1438  and  +1220.  Tlio  acid  excretion  in  the  urine  was  actually 
reduced  in  lK)th  cases  by  fat,  206  cc.  for  C.G.  and  99  cc.  for  R.W. 
n»c  value  of  the  stools  was  alkaline  and  was  increased  in  both  cases 
by  fat,  179  cc.  for  C.G.  and  129  cc.  for  R.W.    Therefore,  the  acid 
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excretion  was  diminished  both  by  a  less  acid  urine  and  a  more  alkaline 
stool.  The  balance  is  a  result  of  three  cooperative  factors:  increased 
acid  in  the  food  and  diminished  acid  excretion  in  the  urine  and  feces. 
Adults.  The  only  complete  study  of  the  mineral  metabolism  of 
the  adult  has  been  made  by  v.  Wendt  (234).  He  has  determined  the 
mineral  balance  of  two  subjects — G.  and  L. — on  a  normal  diet,  with 
varying  salt  content,  for  four  days.  On  two  days  the  data  are  com- 
plete.    Unfortunately,  in  the  data^he  did  not  give  the  values  of  sodium 

TABLE  5 
Sawyer,  Bauman  and  Stevens — Base  balance  of  children 


C.G., 

NORMAL 

(cc.0.1  N) 

C.G.. 

HIGH  FAT 

(CC.0.1  N) 

R.W., 

NORMAL 

(CO.  0.1  N) 

R.W., 

HIGH  PAT 

(cc.  0.1  N) 

_             ,            I  (1)  Bases 

-905 
+562 

-1366 

+  846 

-1149 
+  800 

-1135 

Feces  value        S   /r,\   a    -j 

[  (2)  Acid 

+  657 

(Difference  1-2)    (3)  Total 

^^  .           ,            J   (4)  Bases 

-343 

-3738 
+5197 

-  520 

-4482 
+5735 

-  349 

-3446 
+5233 

-  478 
-4326 

Urine  value        <    ,^,    .    .  , 

[  (5)  Acid 

+6024 

(Difference  5-4)    (6)  Total 

Total  output  (difference  6-4)  (7).... 
Food  value  (difference  7-8  (8) 

+  1459 

+  1116 
+  426 

+  1253 

+733 
+789 

+  1787 

+  1438 
+  426 

+  1698 

+  1220 
+  789 

Base  balance  for  3  days 

Base  balance  for  1  day 

Base  balance  per  kilo  per  day 

pos.  690 
pos.  230 
pos.    10.0 

neg.  56 
neg.  17 
neg.    0.8 

pos.  1012 
pos.    334 
pos.      14.5 

pos.  431 
pos.  134 
pos.      6.0 

and  potassium  separately  and  the  values  assigned  to  them  are  ap- 
proximated by  calculating  the  average  ratio  of  Na/K  in  the  food  as 
3/1.  The  data  would  be  more  valuable  if  the  subjects  were  in  equi- 
librium throughout  the  experiment  and  studied  for  longer  periods. 
The  food  amounts  to  —27  cc.  O.IN.  There  are  positive  base  balances 
for  G.  of  973  cc.  O.IN  and  226  cc.  O.IN.  For  subject  L.,  similarly, 
there  are  positive  base  balances  of  759  cc.  O.IN  and  240  cc.  O.IN. 
per  kilo  per  day;  this  equals  a  retention  of  13.7  and  3.2  cc.  O.IN  for 
G.  and  13.3  and  4.2  cc.  O.IN  for  L. 

Pregnancy  and  lactation.     The  requirements  of  minerals  for  the  adult 
man  may  be  very  different  from  those  of  a  woman  during  pregnancy 
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and  lactation.  In  order  to  retain  her  own  store  of  minerals,  she  must 
store  a  siu*plus  for  the  fetus.  No  complete  studies  in  mineral  metabo- 
lism are  available  for  an  estimation  of  the  balances  in  humans.  There- 
fore, Forbes'  studies  (48)  on  the  metabolism  of  the  milch  cow  are  offered 
as  suggestive.  Forbes,  with  others,  has  published  complete  mineral 
metabolism  studies  on  forty-nine  cows,  for  twenty  day  periods,  through- 
out the  yearly  cycle  of  pregnancy  and  lactation.  Minerals  have  been 
added,  including  various  forms  of  calcium  and  phosphorus.  The 
data  are  in  such  form  as  to  permit  calculation  of  the  base  balance,  as 
well  as  the  balances  of  the  individual  constituents.  His  results  show 
negative  balances,  regardless  of  the  mineral  content  of  the  diet,  during 
lactation,  and  lactation  combined  with  pregnancy.  Not  until  lactation 
has  ceased  and  late  in  the  next  pregnancy  does  the  balance  of  calcium 
and  the  other  elements  become  positive. 

TABLE  6 
Forbes'  data  on  metabolism  of  the  milch  cow 


WnOBT 

DAII.T 
GAIN 

PKBIOD 

COW 

8UPPLK 

PERIOD  OF 
LACTATION 

PEBioD  or 

QESTATION 

MILK 

BASE 
BALANCE 
PER  KOM. 

CO.  0.1  N 

*». 

510 

7.08 

II 

3 

1-7 

47 

pos.  2.4 

514 

1.11 

II 

10 

nearly  dry 

178-193 

10 

pos.  5.7 

579 

0.17 

I 

4 

dry 

240-259 

neg.  7.0 

504 

0.50 

II 

4 

Ca. 

dry 

275-279 

pos.  5.8 

Only  four  experiments  from  the  whole  series  will  be  considered  for 
the  purpose  of  illustration,  as  shown  in  table  6.  In  three  of  the  four 
cases  there  is  a  positive  base  balance  per  kilo  per  day,  amounting  to 
2.4,  5.7,  and  5.8  cc.  O.IN;  in  one,  there  is  a  negative  base  balance  *of 
7.0  cc.  O.lN.  In  cow  3,  period  II,  the  base  balance  is  positive  because 
of  excretion  of  acids.  In  cow  4,  period  I,  the  ba.se  balance  is  negative 
hecau.sc  of  retention  of  acids.  In  the  remaining  two  cows  tlie  base 
balance  i8  positive  due  to  retention  of  alkali.  A  base  retention  during 
pregnancy  and  lactation  i.s  the  result  of  two  causes:  Milk  scu'rction 
cauHCH  a  negative  base  balance,  and  the  alkali  requirement  of  the  fetus 
cauHCH  a  positive  boHC  balance.  In  the  pregnant  cow  the  alkali  rolvu- 
tion  iH  half  that  of  the  noriniil  infant. 

Partial  Htudiea  in  the  mineral  metabolism  of  pregnant  women  have 
been  reported  by  LandHberg  (118),  (119).  He  has  studied  the  metabo- 
li«m  of  nitrogen,  phoKphorus,  sulphur,  magnesiunj  and  calcium.    He 
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concludes  that  from  the  second  to  the  tenth  month  of  pregnancy  the 
mother  on  very  Hberal  intakes  of  16.0  grams  N,  3.0  grams  =  1740  cc. 
O.IN  P,  0.5  gram  =  402  cc.  O.IN  Mg,  and  2.5  grams  =  1250  cc.  O.lN 
Ca,  shows  positive  balances  of  all  these  elements.  Even  after  deduct- 
ing the  amount  necessary  for  the  fetus — which  he  calculated  from  data 
already  cited  under  the  fetus' — he  found  large  positive  balances  for  the 
mother.  The  fetal  adnexa  and  the  growing  uterus  must  require  their 
quota,  or  the  mother  must  be  storing  minerals  upon  which  to  draw 
during  lactation. 

No  metabolism  experiments  upon  women  dm'ing  lactation  are  avail- 
able. We  can,  however,  compute,  from  the  analysis  of  breast  milk, 
that  quota  of  alkali  which  she  must  supply.  In  Blauberg's  case  the 
value  of  the  bteast  milk  consumed  was  188  cc.  O.IN  alkali  per  day; 
in  Tobler  and  Noll's  the  milk  equalled  147  cc.  O.IN  alkali  per  day. 
Hence,  this  amount  of  minerals  must  be  given  as  a  minimum  to  the 
nursing  mother  in  addition  to  her  normal  requirement.  The  practical 
importance  of  determining  what  is  an  adequate  mineral  diet  and  the 
alkali  requirement  for  a  pregnant  or  nursing  woman  warrants  further 
investigation. 

Acid-base  equilibrium  in  the  body.  The  acid-base  equihbrium 
of  the  body  is  governed  by  the  intake  of  acids  in  the  food  and  their 
excretion  in  the  urine  and  feces. 

Acid-base  value  of  food.  The  word  alkali  comes  from  the  Arabic 
and  means  marine  plants.  Liebig  speaks  of  the  acid  ash  of  meats, 
meat  juice  and  cereals  and  the  alkali  ash  of  vegetables.  The  value 
of  foods  as  sources  of  an  excess  of  acid  or  base  forming  elements  was 
first  expressed  in  terms  of  normal  solutions  by  Meyerhofer  (147)  in 
1902  for  mineral  springs;  and  by  Dennstedt  and  Rumpf  (35)  in  1904, 
for  animal  tissue.  To  Sherman  we  really  owe  our  present  knowledge 
of  the  subjects.  He  has  given  (208),  (210)  tables  of  the  acid  or  base 
value  of  foods  in  cubic  centimeters  of  normal  solutions  per  100  grams 
and  per  100  calories.  Forbes  (51)  pubhshed  from  his  own  experiments 
and  analyses  in  the  literature  a  table  of  calculations  of  acid-base  value 
of  foodstuffs.     The  most  complete  data  are  those  of  Berg. 

The  significance  of  acid  and  alkaline  diets  has  been  reviewed  by 
Green wald  (15,  p.  413),  who  states  no  relation  to  metabolism  has  been 
proved.  Blatherwick  has  found  the  diets  in  army  camps  to  average 
22  cc.  O.IN  acid.  Sherman  found  an  average  value  of  180  cc.  O.IN 
acid  on  freely  chosen  mixed  diets.  The  civilian  diets  should  approxi- 
mate the  requirements  but  the  army  diets  should  be  more  satisfactory 
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because  every  effort  was  made  to  give  the  soldiers  the  best  diet  avail- 
able. These  studies  were  made  over  short  periods.  Even  during 
long  periods  the  acid  or  alkaline  value  may  not  determine  life  or  death 
but  may  lead  to  diminished  efficiency  or  to  pathological  conditions. 
Small  variations  in  the  acid  base  value  of  the  diet  probably  have  little 
significance  provided  the  total  salt  content  is  adequate;  for  the  body 
can  excrete  that  portion  which  is  not  essential.  A  person  or  group  of 
persons  may  take  too  acid  a  diet  for  one  period  and  correct  its  effects 
by  an  alkahne  diet  at  another  period:  for  example,  diets  acid  from 
meat  and  cereals  in  the  winter,  and  diets  alkaline  from  fruit  and  vege- 
tables in  the  summer.  Groups  which  select  special  limited  diets,  such 
as  nuts,  fruit,  vegetables,  or  meat  alone  would  make  interesting  studies. 
Acid  diets  have  proven  beneficial  in  infantile  tetany  and  their  use  has 
been  suggested  in  rickets.  Alkaline  diets  are  essential  for  infancy 
where  growth  is  rapid.  Their  use  is  strongly  indicated  in  pregnancy 
and  lactation  and  such  pathological  conditions  as  diabetes.  From 
Chittenden's  study  of  athletes  and  soldiers  on  vegetable  food  it  appears 
that  on  alkaline  diets  the  body  is  capable  of  more  sustained  effort  than 
on  acid  diets. 

Acid-base  value  of  the  urine.  The  urine  is  the  most  important  means 
of  maintaining  the  acid-base  equilibrium  of  the  bod3^  Through  the 
excretion  of  acid  or  alkali  the  organism  maintains  a  constant  or  nearly 
constant  condition,  whether  the  food  is  acid  or  alkaline.  This  function 
is  80  delicate  that  the  excretion  varies  from  day  to  night  or  from  hour 
to  hour.  During  secretion  of  HCl  for  digestion,  the  urine  is  alkaline. 
Even  the  effect  of  forced  breathing,  which  removes  the  CO2  from  the 
blood  and  makes  it  more  alkaline,  is  immediately  reflected  in  the 
secretion  of  an  alkaline  urine. 

Gacthgens  and  Stadclman  (210)  were  the  first  to  calculate  the  acid- 
base  value  of  the  urine.  They  analyzed  the  minerals  and  expressed 
their  valucH  as  etjuivalents  of  sodium.  How  this  excretion  is  accom- 
plished and  how  the  factors  vary  with  acidity  or  alkalinity  has  recently 
been  studiiKJ  (81),  (107),  (225).  The  urine  is  nornuilly  acid.  This 
acidity  depends  upon,  1,  the  excretion  of  acid  i)h().spluite;  S,  acid 
which  is  neutralized  by  ammonia  fornuition;  5,  organic  acids;  4i  acid 
neutralized  by  inorganic  minerals;  />,  carbonic  acid,  as  bicarbonate 
and  carl>onatc.  Normally  the  urine  contains  r)(K)  to  KKK)  cc.  of  acid, 
depending  upon  the  diet.  The  acid  (Palmer)  is  divided  as  acid  phos- 
phate, 100  to  2(X)  cc,  acid  neutralized  by  ammonia,  300  to  4(K)  cc, 
organic  acid,  0  to  ir>0  cc,  carlK)nateH,  10  to  40  cc  The  free  acid  repro- 
ncnts  half  tin;  value,  and  the  ammonia,  the  other  half. 
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The  organic  acids — uric,  hippuric,  lactic — are  usually  small  but 
under  varying  conditions  of  diet  and  exercise  they  may  be  150  to  200. 
Under  pathological  conditions  they  may  greatly  exceed  this  value. 
The  phosphoric  acid  excreted  in  the  urine  depends  upon  the  amount 
in  the  diet.  That  portion  of  the  acid  excretion  which  is  neutralized 
by  basic  minerals  is  not  represented  in  the  values  obtained  by  titra- 
tion methods,  but  is  only  detected  when  mineral  metaboUsm  is  investi- 
gated. Under  normal  conditions  mineral  loss  is  important.  The 
urine  normally  excretes  nearly  all  the  chloride,  80  per  cent  of  the 
sodium  and  potassium  and  sulphur,  50  per  cent  of  the  phosphorus, 
but  only  20  to  30  per  cent  of  the  calcium  in  adults  and  only  5  to  10  per 
cent  of  the  calcium  in  infants.  The  mineral  constitutents  of  the  urine 
are  controlled  not  only  by  the  diet  but  also  by  the  osmotic,  ionic  and 
acid-base  equilibria. 

Acid-base  value  of  feces.  That  the  feces  play  little  or  no  part  in 
normal  acid  base  equilibrium  and  that  the  minerals  there  found  repre- 
sent merely  those  unabsorbed  has  been  generally  assumed.  Even  if 
mineral  radicals  were  not  excreted  or  secreted  by  the  bowel,  the  fac- 
tors which  govern  their  absorption  would  control  the  acid-base  equi- 
librium in  the  body.  The  work  of  Goldschmidt  and  Dayton  (68),  (69) 
indicates  that  the  bowel  does  play  an  important  part  in  the  transfer 
of  minerals  to  and  from  the  blood.  Measurements  of  pH  of  the  con- 
tents of  the  small  intestines  by  McClendon  and  of  the  feces  by  Hawk 
show  such  constancy  of  the  reaction  as  to  indicate  some  regulatory 
process.  Further,  Ylppo  has  shown  that  the  pH  of  the  feces  after 
breast  milk  feeding  is  acid — about  pH  5.0 — and  after  cow's  milk  feeding 
is  alkaUne — about  pH  8.0.  Other  evidence  of  the  regulatory  process 
is  shown  by  a  study  of  the  paths  of  excretion;  for  example,  nearly  all 
the  calcium  leaves  the  body  through  the  feces,  and  the  chlorine  through 
the  urine. 

A  method  on  the  titration  value  of  the  stools  was  proposed  by  Blau- 
berg  (178).  He  studied  the  amount  of  acid  or  alkali  necessary  to 
neutralize  the  dried  stool.  Similar  studies  have  been  made  by  Talbot 
and  Hill  (219).  The  interpretation  of  these  values  is  difficult.  The 
relations  of  acid  to  base  are  altered  by  drying.  Even  if  correct  values 
on  twenty-four  hour  metabolism  periods  were  obtained,  they  would 
represents  only  the  unbuffered  states — equivalent  to  the  free  acid  excre- 
tion in  the  urine.  They  would  not  represent  the  total  acidity.  Other 
methods  are  needed. 
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By  analysis  of  the  mineral  radicals,  expressed  in  terms  of  sodium 
equivalents,  Fleitmann  (cited  by  (72))  showed  that  the  stools  were 
alkaUne.  A  normal  value  for  adults  is  200  to  300  cc,  as  determined 
by  V.  Wendt,  and  for  the  infant,  500  cc.  O.IN  base  per  day.  Studies 
by  Shohl  and  Sato  show  that  the  bowel,  by  excretion  of  alkali,  nor- 
mally participates  in  regulation  of  the  acid  base  equihbrium. 

The  effect  of  acid  on  metabolism.  The  first  important  studies 
on  the  effects  of  ingested  acid  were  made  at  Dorpat.  Under  the  direc- 
tion of  Bucheim  appeared  a  series  of  papers  on  the  excretion  of  mineral 
acids  in  the  urine.  In  1877  a  classic  paper  by  Walter  (230)  showed 
that  acid  led  to  poisoning  and  death.  His  experiments  on  dogs  demon- 
strated: 1,  a  diminished  CO2  in  the  blood,  and  2,  an  increased  amount 
of  ammonia  in  the  urine.  Salkowski  (182)  emphasized  that  especially 
in  herbivora  acid  caused  a  loss  of  alkali  minerals  in  the  urine. 

Experiments  in  acid  feeding  and  the  resultant  condition  "acidosis" 
have  developed  along  three  lines: 

1.  The  effect  of  acid  on  CO2  in  the  blood  and  other  factors  in  the 
acid-base  equilibrium  in  the  blood.  This  is  reviewed  in  a  forthcoming 
article  by  Wilson  (237). 

2.  The  effect  of  acid  on  the  NH3  in  the  urine.  Controversies  have 
arisen  over  the  difference  between  carnivora  and  herbivora  and  the 
fate  of  various  nitrogenous  elements,  but  the  consensus  of  opinion  of 
nearly  a  hundred  investigators  has  substantiated  Walter's  finding — 
when  acids  are  given,  the  urinary  NH3  is  increased. 

3.  The  loss  of  alkali  minerals  also  in  the  urine  of  acid  feeding  has  now 
been  well  established.  When  250  cc.  of  acid  are  given,  all  the  acid 
radicals  and  also  100  cc.  extra  bases  are  excreted  in  the  urine.  Stehle 
and  MacCarthy  (212)  have  recently  reviewed  this  question  in  both 
dogH  and  men,  as  have  Givens  and  Mendel  (60),  Gamble  (62),  and 
Shohl  and  Sato  for  infants. 

Acid  poisoning  is  produced  not  only  by  the  mineral  acids,  hydro- 
chloric, sulphuric  and  phosphoric,  but  also  by  organic  acid.  Ingested 
benzoic,  lactic  or  organic  acids  produced  in  metabolism  have  been 
shown  to  cause  acidosis.  Of  the  latter,  /9  oxy butyric  acid  in  diabetes 
is  quantitatively  the  most  important;  as  much  as  SO  grams  may  be 
excreted  daily.  Organic  acids  are  also  fornu^d  in  nu'thyl  alcohol  poison- 
ing, pneumonia,  and  in  intestinal  disorders  in  infancy. 

The  mcchanimn  of  the  action  of  acids  on  the  urine,  calculated  on  the 
daily  output,  shows  that,  /,  the  acidity  of  the?  urine  increases  up  to 
pn  4.0;  2,  the  amount  of  fre<»  acid  excreted-  measured  by  the  titra- 
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table  acidity —increases  up  to  2500  cc.  O.IN;  3,  the  phosphate  is  ex- 
creted in  increased  amount,  two  or  threefold,  and  more  is  converted 
to  acid  phosphate,  so  the  excretion  of  acid  increases  up  to  700  cc; 
4,  the  organic  acids  may  amount  to  10  liters  O.IN  or  more.  In  the 
acid  urine  30  per  cent  is  excreted  as  free  acids,  thus  does  not  require 
base  and  ammonia  for  neutralization.  ,5,  The  ammonia  shows  the 
greatest  increase.  In  diabetes  it  may  be  as  large  as  7000  cc.  O.IN; 
6,  no  accurate  data  are  available  for  the  loss  of  alkali  minerals  in  ex- 
treme acidosis,  but,  by  estimate,  it  may  amount  to  500  cc.  O.IN. 

That  the  stools  are  active  in  regulation  of  the  acid  base  equilibrium 
is  becoming  more  apparent.  Shohl  and  Sato  have  stated  that  the 
stool  participates  in  the  regulation  of  acid  base  equilibrium  and  in 
emergency  it  may  excrete  acid.  Steinitz  and  Sawyer,  Bauman  and 
Stevens  have  also  shown  that  the  feces  may  even  cause  acidosis  by 
excreting  alkali. 

From  the  point  of  view  of  mineral  metabolism,  acid  causes  a  diminu- 
tion in  the  retention  of  all  the  elements,  but  the  effect  is  greater  upon 
the  alkali  radicals  than  the  acid  radicals.  In  a  baby  on  a  milk  diet, 
when  250  cc.  O.IN  HCl  (Shohl  and  Sato)  and  750  cc.  O.IN  (Gamble) 
were  given,  one-seventh  of  the  acid  was  retained  and  the  rest  excreted 
by  the  urine.  The  infant  on  a  diet  made  neutral  by  the  addition  of 
HCl  excretes  an  excess  of  acid  and  retains  base.  The  body  further 
responds  to  the  acids  by  furnishing  alkali  from  the  blood  tissues  and 
1)ones.  Acid  lowers  the  alkali  reserve  through  excretion  of  CO2  by  the 
lungs.  There  is  a  rearrangement  of  the  equilibria  in  the  blood,  causing 
a  diminished  pH.  Acid  ingestion  results  in  a  diminished  base  balance 
or  in  a  negative  base  balance. 

Effect  of  alkalis  on  metabolism.  Alkalosis  is  the  term  used  to 
indicate  an  increase  in  the  pH  of  the  blood  produced  by  alkalis.  Forced 
breathing,  high  altitudes  and  cold  baths  also  have  been  shown  to  pro- 
duce this  condition.  The  effect  of  alkalis  on  metabolism  of  minerals 
is  little  known.  The  only  complete  metabolism  studies  which  have 
been  published  are  those  of  v.  Wendt  (for  a  single  day)  and  of  Shohl 
and  Sato  (for  a  single  period).  The  latter  have  emphasized  that  the 
bowel  can  excrete  alkaUs.  Together  with  the  urine,  the  feces  protect 
the  body  from  alkalosis.  The  urine  becomes  alkaline  by  excreting 
sodium;  the  stool  by  excreting  calcium.  However,  an  increased  re- 
tention of  alkalis  takes  place.  This  retention  affects  the  water  metabo- 
lism; a  gain  in  weight  or  even  edema  occurs  after  alkali  treatment. 
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The  material  on  the  metabolism  of  alkalis  is  not  large,  though  their 
use  in  medicine  has  been  extensive  since  the  time  of  the  ancients.  A 
review  of  the  early  literatui-e  is  given  by  Quenoille  (172).  Wohler's 
researches  (239)  constitute  the  beginning  of  scientific  knowledge. 
He  showed  that  the  organic  salts  of  alkalis  are  changed  to  carbonates 
in  the  body  and  make  the  urine  alkaline.  The  early  work  following 
Bence  Jones'  is  largely  confined  to  the  effect  of  alkali  on  the  acidity 
of  the  urine,  or  on  the  nitrogen  metabolism.  The  discover}'  of  /3 
oxybutyric  acid  by  Minkowski  (151)  in  the  acid  intoxication  of  dia- 
betes and  the  recognition  by  Stadelmann  of  the  increased  ammonia 
in  the  urine,  gave  new  significance  to  the  effect  of  alkalis.  Stadehnann 
felt  that  if  an  acid  intoxication  existed,  alkalis  could  be  used  to  neutra- 
lize the  acids.  He  therefore  carried  out,  through  his  students  at  Dorpat, 
a  series  of  researches  on  the  effect  of  alkalis  and  published,  in  1890, 
(210)  a  monograph  of  the  work  of  Burchard,  Klemptner,  Beckmann, 
Hagentoren  and  Kozerski.  This  work  is  important  and  difficult  of 
access.  It  shows  great  care  in  the  planning  of  experiments,  in  analy- 
tical methods,  and  in  the  review  of  the  literatme. 

Burchard  determined  the  urea,  uric  acid,  ammonia  and  chlorides 
in  the  urine,  and  in  some  of  his  experiments  the  nitrogen  in  the  feces 
also.  On  a  constant  diet  he  took  sodium  bicarbonate,  increasing  from 
5.8  grams  per  day  to  27.0  grams  per  day.  The  last  dose  caused  a  diar- 
rhea and  he  took  small  amounts  of  opium.  His  conclusions  are  that 
alkalis  have  no  dyspeptic  action  but  make  the  urine  definitely  alkaline 
and  increase  the  volume.  Taken  for  a  long  time,  they  slightly  de- 
crease the  nitrogen  output;  dofinitoly  decrease  the  anunonia  output 
to  minimum  amounts,  they  tliniinish  the  uric  acid.  Klemptner  re- 
peated and  confirmed  Burchard's  work. 

Beckmann  took  for  his  part  of  the  study  the  analysis  of  sodium, 
potassium,  calcium,  magnesium  and  anunonia.  Unfortunately  he 
did  not  analyze  the  minerals  in  the  feces.  The  output  of  sotlium  was 
larger  than  the  intake;  in  one  case  the  excretion  was  150  i)er  cent  of 
the  intake.  A  Hinall  loss  of  potassium  and  chloride  also  occurred. 
The  output  of  calcium  and  magnesium  was  not  influenced.  The 
ammonia  was  (loproHHcd  in  proportion  to  the  amount  of  alkali  given. 
The  clilorideH  cxcreti'd  are  insufUcient  to  account  for  the  excess  of 
sodium,  HO  that  it  muNt  be  excret(>d  in  part  as  carbonate. 

Hagentoren  al»o  analyzetl  Beckniann's  urine  and  (hMennincd  phos- 
phorus, nitroRcn,  uric  acid,  total  sulphuric  acid,  neutral  sulphur, 
preformed  Mulphatc,  hydrochloric  acid,    ('alculuting  both  acids  and 
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bases  including  ammonia,  as  equivalents  of  sodium,  he  showed  that 
normal  urine  contains  an  excess  of  base  equivalent  to  0.49  sodium, 
but  of  this  the  ammonia  amounts  to  0.58.  When  alkali  is  taken,  the 
excess  of  base  is  much  larger.  When  sodium  citrate  is  taken,  sodium 
chloride  and  potassium  chloride  are  withdrawn  from  the  body  in  pro- 
portion to  the  amount  of  salt  taken.  With  sodium  bicarbonate, 
chlorine  is  not  removed.  The  output  of  sulphur  or  phosphorus  is  not 
affected.  Neutral  sulphur  is  increased.  Sodium  bicarbonate  and 
sodium  citrate  are  in  part  excreted  as  carbonates. 

Kozerski  analyzed  sodium  and  potassium  by  improved  methods, 
and  attempted  to  discover  whether  sodium  citrate  differs  from  car- 
bonate in  its  effect  upon  the  urine.  He,  too,  was  on  a  weighed  and 
measured  diet,  and  detennined  not  only  the  urine  but  also  the  nitrogen 
of  the  feces.  He  unfortunately  did  not  determine  any  of  the  bases 
in  the  feces.  Amounts  of  sodium  larger  than  7.0  grams  increase  the 
output  of  potassium  and  chloride.  The  organism  eventually  dimin- 
ishes the  excessive  output  of  sodium  and  chloride.  When  the  alkali 
is  stopped,  the  urine  becomes  acid  on  the  second  day  and  the  chloride 
and  potassium  output  become  normal.  Alkali  causes  no  loss  of  nitro- 
gen. Sodium  carbonate  has  exactly  the  same  action  which  Beckmann 
found  for  citrate.  The  output  of  sodium  increases  as  the  intake,  so 
that  large  doses  bring  about  a  loss  of  sodium  from  the  body. 

The  effect  of  alkaUs  on  uric  acid  has  been  much  discussed  in  the 
literature.  It  led  to  the  practice  so  much  in  vogue  fifty  years  ago 
of  giving  alkalis,  especially  lithium  salts,  to  drive  excess  of  uric  acid 
from  the  body.  Lithium  urate  is  the  most  soluble  salt  of  uric  acid 
but  it  does  not  prevent  the  insoluble  forms  of  the  salt  from  precipitating 
in  joints  of  patients  with  gout.  Alkaline  urine  does  dissolve  uric  acid. 
The  amount  of  uric  acid  held  in  solution  is  a  function  of  the  pH. 

Phosphates  in  the  urine  created  a  similar  problem.  Acid  mines 
hold  phosphates  in  solution;  alkahne  urines  do  not.  The  effect  upon 
the  elimination  of  phosphates  by  the  body  depends  upon  the  balance. 
Alkali  causes  less  phosphate  to  be  excreted  by  the  urine  and  more  by 
the  bowel.  In  infants  the  total  phosphorus  excretion  is  increased  by 
both  acids  and  alkalis.  The  action  of  alkalis  can  be  summarized. 
In  the  urine  1,  the  reaction  becomes  alkaline  up  to  pH.  8.4 — which 
results  in  a  negative  value  for  the  titratable  acid  up  to  200  cc.  2,  The 
ammonia  is  diminished  to  minimal  amounts  and  may  actually  be 
eliminated.  This  increases  alkali  excretion  up  to  500  cc.  O.IN.  3, 
The  phosphate  is  converted  to  alkahne  phosphate,  an  increase  of  alkali 
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excretion  up  to  400  cc.  O.IN.  4,  The  organic  acids,  if  present,  are 
completely  neutralized.  5,  The  carbonates  may  be  present  up  to 
1000  cc.  for  neutraUzation  of  base;  6,  The  chlorine  and  potassium 
are  slightly  increased.  The  alkaU  excretion  is  accomplished  by  means 
the  opposite  of  those  in  acid  excretion.  In  acid  excretion  the  pH  is 
diminished  and  the  acidity  regulated  by  the  phosphates.  Ammonia 
is  increased  to  neutraUze  the  acid.  Carbonate  is  negligible.  In 
alkali  excretion  the  pH  is  increased  and  the  acidity  regulated  by  the 
carbonates.  Ammonia  is  negligible.  Carbonate  is  formed  to  neutralize 
the  base. 

In  the  feces  there  is  an  increased  excretion  of  alkali,  mainh-  as  soaps, 
phosphates  and  carbonates  of  calcium.  This  together  with  the  urine 
removes  excess  alkali. 

In  the  body  alkali  retention  is  increased,  which  causes  an  increase 
in  body  fluids  and  also  makes  the  blood  more  alkaline. 

Conclusions.  What  is  the  significance  of  the  requu-ement  of 
minerals  in  health?  They  furnish  no  energy.  They  are  not  con- 
sumed. Why  does  the  body  waste  them?  Is  there  any  significance 
in  the  amount  stated  as  a  requirement?  If  the  diet  were  altered  the 
requirement  might  also  be  altered.  Rubner  (cited  by  Green wald) 
states  that  the  Japanese  diet  is  adequate,  although  low  in  calcium, 
because  it  is  also  low  in  fat.  If  it  were  low  in  phosphate,  could  it  not 
also  be  low  in  calcium?  In  other  words,  a  relationship  exists  between 
each  mineral  element  in  the  diet  to  the  total  caloric  intake,  to  the 
organic  factors,  to  each  of  the  other  mineral  constituents  and  to  the 
acid-base  balance  of  the  body. 

In  the  physiologic  literature  of  the  last  twenty-five  years  the  rela- 
tionship of  one  element  to  another  has  been  made  clear,  especially  its 
significance  for  the  mechanism  of  the  heart  beat,  of  nerve  sthnulation, 
etc.  Quite  recently  Loeb  has  shown  the  new  significance  of  the  ionic 
relations  in  physiology,  according  to  the  Donnan  equilibrium. 

Not  only  as  regards  amounts  are  minerals  of  great  significance  in 
relation  to  one  another,  but  also  as  regards  concentration.  Their 
concentration  detonnines  the  osmotic  pressure  relationships  of  the 
l)ody  anfl  hence  the  water  metabolism.  In  order  to  solve  the  |)r()l)lem 
in  any  real  sense,  to  establish  the  requirements  of  any  one  element, 
all  otherH  must  be  held  constant  while  that  one  is  varied  which  gives 
a  number  of  penniitutionH. 

In  growth  and  pregnancy  and  in  cases  of  neoplasms,  minerals  must 
be  retained.     In  adult  life  an  ('({iiilibrium  should  exist.    Even  under 
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the  most  favorable  conditions  a  loss  from  the  body  and  replacement 
by  food  continually  occurs.  No  satisfactory  explanation  for  the 
mineral  flux  has  ever  been  offered.  A  possible  approach  to  the  problem 
may  be  an  understanding  of  the  significance  of  the  "alkaline  tide" 
observed  by  Bence  Jones. 

The  minerals,  therefore,  aid  in  maintaining  at  least  three  kinds  of 
equilibria:  1,  osmotic,  2,  ionic,  and  3,  acid-base.  A  normal  standard 
of  base  balance  in  the  human  body  has  been  defined.  The  effect  upon 
the  base  balance  has  been  determined  for  alkalosis  and  acidosis. 

SUMMARY 

1.  Mineral  metabolism  can  be  studied  simply  and  effectively  in 
terms  of  normal  solutions.  Measurement  of  the  acid-base  balance  is 
thus  made  possible. 

2.  The  normal  mineral  requirements  per  man  per  day  approximate 
150  cc.  O.IN  acid. 

3.  The  fetus  shows  a  retention  of  alkali  for  the  last  one  hundred  days 
of  gestation  equal  to  67.0  cc.  O.IN  alkali  per  day. 

4.  The  infant  and  child  show  a  positive  base  balance  amounting  to 
10  cc.  O.IN  base  per  kilo  per  day. 

5.  The  adult  balance  approximates  equilibrium. 

6.  Pregnancy  and  lactation  require  additional  alkali — a  minimum 
of  150  cc.  O.IN  base  per  day. 

7.  Acid  diminishes  a  positive  balance  or  causes  a  negative  base 
balance. 

8.  Alkali  increases  the  positive  base  balance. 
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1.  Purines  of  physiological  interest.  Of  the  many  theoretically 
possible  purines,  the  student  of  metabolism  is  chiefly  concerned  with 
five,  namely,  adenine,  guanine,  hypoxanthine,  xanthine  and  uric  acid. 
As  shown  by  Emil  Fischer  (74),  purines  are  all  derivatives  of  a  common 
"nucleus"  or  ring.  The  structural  formulas  for  this  ring,  and  for  its 
five  physiologically  interesting  derivatives,  are  indicated  below. 


IN  -C6 

2C       C5 


N7 


C8 


3N -C4-N9 
Purine  "Nucleus" 

H— N  -  C  -  O 

H-C      C  -  NH 
\ 


CH 


N  =  C  -  NH, 
H— C      C  -  NH 

\h 

N  -C  -N 
Adenine  (6-amino-purine) 

H— N  -  C  =  O 

0=C       C  -  NH 
\ 


H— N  -  C  =  O 

H2N— C      C  -  NH 


CH 


N-C  -N 

Guanine  (2-amino-6 
oxy-purine) 

H— N  -  C  =  O 


0=i 


^ 


N-C-N 

Hypoxanthine  (6-oxy- 
purine) 


CH 


H— N  -  C  -  N 

Xanthine  (2-6-dioxy- 
purine) 


C  -NH 
\ 


C=0 


H— N  -  C  -  NH 

Uric  acid  (2-6-8-trioxy- 
purine) 


In  addition  to  the  above,  certain  methylated  purines  enter  into  the 
liuinan  dietary  as  ingredients  of  beverages.  Their  physiological  fate 
will  be  referred  to  later. 

Our  knowledge  of  purine  chemistry  dates  back  to  1776,  when  uric 
acid  was  discovered  by  Scheele  (207)  as  an  ingredient  of  human  urine, 
and  almost  simultaneously  but  independently  by  Ik'rgmann  (37)  as  a 
component  of  bladder  stones.    The  other  purines,  with  the  exception 

*  It  hju  been  impoMible  in  the  Rpacc  available  for  this  review  to  refer  to  all 
of  the  publioationa  related  to  purine  metalioliHrn.  Wo  have,  therefore,  confined 
our  attention  to  thoae  papers  which  in  our  o[)ini(>n  are  tnoHt  iniporlaiit,  luxl  which 
have  served  to  intruduoe  now  idoaH  inlo  the  pruHenl-duy  coitceplion  of  liic  Hul)joct. 
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of  adenine,  were  discovered  during  the  first  half  of  the  nineteenth 
century.  Marcet  (213)  separated  xanthine  from  urinary  calculi. 
Guanine,  first  isolated  from  guano  by  linger  (310),  was  later  reported 
by  Virchow  (311),  (312)  as  an  ingredient  of  concretions  in  swine. 
Hypoxanthine  was  discovered  in  heart  and  spleen  tissue  by  Scherer 
(268),  and  later  in  the  muscles  of  man  and  the  lower  animals  by  Strecker 
(289).  Adenine,  the  last  of  the  physiologically  important  purines,  was 
not  known  until  1885,  when  Kossel  (157),  (158),  (159),  (160)  succeeded 
in  isolating  it  from  pancreatic  tissue.  It  remained  for  Emil  Fischer 
(70),  (75),  (71),  to  show  the  relationship  of  adenine,  guanine,  hypo- 
xanthine and  xanthine  to  each  other  and  to  uric  acid,  and  to  devise 
methods  for  their  synthesis  (72),  (73).  It  is  beyond  the  scope  of  this 
article  to  present  in  detail  the  evidence  upon  which  the  present  concep- 
tion of  the  structure  of  the  purines  is  based.  It  is  suflficient  to  state 
that  their  structural  relationship  to  uric  acid  has  been  abundantly  estab- 
lished, and  that  the  essential  correctness  of  the  uric  acid  formula  is 
affirmed  by  the  following  facts: 

1.  By  the  oxidation  of  uric  acid  with  HNO3  Liebig  and  Wohler  (204) 
obtained  alloxan  and  urea. 


HN  -  C  =  O 

0=C       C  -  NH 
\ 


H— N 

I 
0=C 


c=o 


=0       H,N 


HN  -C 


/ 
NH 


C=0  +  H2O  +  O 


+ 


H— N C=0 

Alloxan 


H,N 


\ 
( 


C=0 


This  observation,  together  with  a  study  of  other  oxidative  disintegra- 
tions of  uric  acid,  led  Medicus  (218)  to  suggest  its  correct  fonnula. 

2.  In  1888  Behrend  and  Roosen  (29)  accomplished  the  synthesis  of 
uric  acid  by  warming  a  mixture  of  4-5-dihydroxy  uracile  and  urea  with 
concentrated  H2SO4. 

H— N  -  C=0  H— N  -  C=0 

0=C       C  -  ;  OH  H I  NH  0=C 


H— N  -  C  -  ;  OH 


+ 


H 


NH 

\ 
( 

/ 
NH 


C=0 


H— N 


I 

C  -NH 

\ 
( 

/ 
C  -  NH 


C=0  +  2H2O 


4-5-Dihydroxy  uracile 


3.  In  1897  Fischer  (72)  showed  that  pseudo-uric  acid,  previously 
prepared  from  malonic  acid  by  Baeycr  (20),  (21),  is  readily  transformed 
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into  uric  acid  by  boiling  with  dilute  mineral  acids.  This  provided  not 
only  a  complete  synthesis  of  uric  acid  from  malonic  acid  and  urea,  b\it 
removed  the  last  vestige  of  doubt  as  to  uric  acid  structure. 

H,N      HOOC  HN  -  C=0  HN  -  C=0  HN  -  C=0 

II                            II           HNO.           II                  2H2  I         I 

0=C  CH, >  0=6      CHi    >  0=C      C=NOH >  0=G      CHNH2 

ujf      HOOC  HN  -  C=0  HN  -  C=0  HN  -  C=0 

Barbituric  acid  5-Isonitroso-  5-Amino-bar- 

barbituric  acid  bituric  acid 


H— N  -  C-=0 


Pseudo-uric  acid  Uric  acid 

For  detailed  evidence  concerning  the  structure  of  the  other  purines 
the  reader  is  referred  to  the  masterly  studies  of  Emil  Fischer  (74) . 

The  discovery  of  the  purines  as  ingredients  of  physiological  materials 
immediately  challenged  the  attention  of  both  biochemical  and  clinical 
investigators.  Indeed,  attempts  to  study  the  distribution  of  the  pu- 
rines, and  to  determine  their  functional  relationship  to  the  life  processes 
are  among  the  earliest  metabolic  investigations  on  record.  Progress  soon 
showed  that  purines  are  associated  with  the  nuclei  rather  than  with  the 
cytoplasm  of  cells,  and  this  in  turn  led  ultimately  to  the  discovery  of 
nucleic  acids.  It  is  not  our  purpose  in  an  article  of  this  scope  to  enter 
into  a  detailed  discussion  of  the  chemistry  of  nucleic  acids.  Such  a  dis- 
cussion would  be  entirely  superfluous  in  view  of  the  availability  of  the 
excellent  review  of  the  subject  by  Jones  (130).  But  inasmuch  as  the 
progreea  made  in  recent  years  in  the  study  of  purine  metabolism  has 
in  large  measure  been  the  outgrowth  of  the  discovery  of  nucleic  acids, 
it  is  necessary  for  us  to  summarize  in  the  following  paragraphs  the 
eatential  features  of  nucleic  acid  structure. 

2.  The  chemistry  of  nucleic  acids.  Our  knowledge  of  the  chem- 
istry of  nucleic  acids  begins  with  the  work  of  Fried  rich  Miescher  (227) 
in  1871.  This  author,  in  studying  the  chemistry  of  pus  cells,  isolated  a 
substance  soluble  in  dilute  alkali  and  precipitablo  with  acetic  acid,  to 
which  he  gave  the  name  of  nuclcin.  Nuclein  was  found  to  contain  phos- 
phoric acid,  and  to  respond  to  the  protein  color  tests.  Later  Miescher 
(228)  ijolatcd  u  similar  sulmtnnce  from  the  Hpomiatic  fluid  of  the  salmon. 
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Nucleins  were  soon  found  to  be  characteristic  of  all  cell  nuclei.  Hoppe- 
Seyler  (109)  isolated  a  similar  product  from  yeast,  and  Kossel  (154) 
another  from  the  erythrocytes  of  birds.  In  his  work  upon  the  nuclein 
of  salmon,  Miescher  discovered  that  the  protein  portion  could  be  com- 
pletely removed,  leaving  a  protein-free  acid.  A  similar  acid  prepared 
from  yeast  nuclein  was  later  named  "nucleic  acid"  by  Altmann  (13). 
In  1894  Kossel  and  Neumann  (163)  devised  a  method  for  the  preparation 
of  the  nucleic  acid  of  the  thymus  gland,  and  Nemnann  (243)  showed  that 
such  acids  can  be  isolated  from  a  large  number  of  nuclear  materials. 

Miescher  did  not  recognize  the  relationship  of  nucleic  acid  to  purines, 
or  that  the  latter  are  important  ingredients  of  the  former.  It  remained 
for  Kossel  to  prove  that  on  hydrolysis  nucleins  hberate  "alloxuric  bases" 
or  purines.  He  detected  successively  hypoxanthine  (152),  xanthine 
(153),  guanine  (155),  (156),  and  finally  adenine  (159),  (160).  The  oxy- 
purines  are  now  known  to  arise  only  as  secondary  products,  and  not  to 
occur  preformed  in  the  nucleic  acids.  The  discovery  of  the  purines 
immediately  suggested  an  origin  for  urinary  uric  acid,  which  before  this 
time  had  been  regarded  as  a  product  of  ordinary  protein  metabolism. 

Nucleic  acids  occur  in  the  nuclei  in  combination  with  protein,  prob- 
ably a  salt-like  union,  in  which  the  protein  plays  the  part  of  a  base  and 
is  present  in  excess.  These  combinations  constitute  what  are  known  as 
nucleo-proteins  (the  a-nucleoproteins  of  Hammarsten  (101)).  Some 
writers,  notably  Kossel  and  Lilienfeld  (206),  (205),  are  inclined  to  the 
belief  that  each  molecule  of  nucleic  acid  is  in  combination  with  two 
molecules  of  protein,  one  of  which  is  more  readily  removed  by  hydrolysis 
than  is  the  other.  According  to  this  conception,  nucleoproteins  have 
the  following  structure: 

Nucleoprotein 
L , 


Protein  Nuclein 


I 1 

Protein  Nucleic  acid 


On  the  other  hand,  Jones  is  of  the  opinion  that  the  proportion  of  protein 
depends  largely  upon  the  method  of  preparation  of  the  nucleoprotein, 
and  that  the  "terais  nucleoprotein,  nuclein  and  nucleic  acid  express  a 
relation  which  means  little  more  than  that  conveyed  by  the  terms  basic 
lead  acetate,  lead  acetate  and  acetic  acid"  (130). 
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The  study  of  nucleic  acids  has  resulted  in  an  accumulation  of  evidence 
indicating  that  there  are  only  two  such  compounds  in  nature,  one  in  the 
animal  cell  and  typified  by  thymus  nucleic  acid,  and  the  other  in  the 
plant  cell  and  illustrated  by  yeast  nucleic  acid.  Despite  the  fact  that 
numerous  tissues  of  both  animal  and  plant  origin  have  been  analyzed, 
only  nucleic  acids  of  these  two  kinds  have  been  discovered.  They  differ 
from  each  other  in  their  ultimate  hydrolytic  products  as  illustrated 
below. 

Products  of  hydrolysis  of  nucleic  acids 
Of  animal  origin  Of  plant  origin 

Phosphoric  acid  Phosphoric  acid 


Adenine 

Adenine 

Guanine 

Guanine 

Cytosine 

Cytosine 

Thymine 

Uracile 

Levulinic  and  formic  acids 

Pentose 

Plant  nucleic  acids  are  characterized  by  containing  the  pyrimidine 
uracile,  discovered  by  Ascoli  (17),  and  of  a  pentose.  The  presence  of 
the  latter  was  proven  by  Kossel  (161).  It  was  identified  by  Levenc  and 
Jacobs  (181),  (183),  (184),  (188),  (190)  as  d-ribose,  a 


CHO 

HCOH 

HCOH 

HCOH 

CHjOH 
d-Ribose 

levo-rotatory  aldopcntose  imknown  in  nature  until  the  work  of  these 
authors.  Nucleic  acids  of  animal  origin  contain  thymine  (cf.  Kossel  and 
Neumann  (162) )  instead  of  uracile,  and  an  hexose  as  indicated  by  the 
production  of  levulinic  and  fonnic  acids  (163),  (16),  (121)  on  hydrolysis. 
The  nature  of  the  hexose  is  unknown.  On  oxidizing  thymus  nucleic  acid 
with  nitric  acid,  Steudel  (284),  (286),  (287)  obtained  opisaccharic  acid 
(CellioOi).  More  recently  Feulgcn  (62),  (63)  has  suggested  that  the 
carbohydrate  group  may  be  glucal  (C6nio04)  instead  of  an  h(>xose. 

We  arc  chiefly  indebted  to  Lovenc  and  Jones  for  the  information 
which  we  have  concerning  the  union  of  the  various  hydrolytic  products 
to  form  the  complex  nucleic  acids.    Levenc  and  Jacobs  (186),  (187), 
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(189)  found  that  neutral  hydrolysis  of  yeast  nucleic  acid  at  175°C. 
under  pressure  led  to  the  separation  of  four  crystalline  compounds, 
each  composed  of  a  purine  or  pyrimidine  molecule  in  combination  with 
a  molecule  of  d-ribose.  The  fact  that  these  substances  do  not  reduce 
alkaline  copper  solutions  indicates  that,  at  least  in  the  case  of  the 
readily  hydrolyzable  purine  compoimds,  the  sugar  and  base  are  prob- 
ably united  by  a  glucoside  binding.  They  are  known  collectively  as 
nucleosides  (195),  and  are  named  adenosine,  guanosine,  cytidine,  and 
uridine  respectively,  according  to  the  base  which  they  contain.  Further- 
more, in  the  nucleic  acid  each  nucleoside  is  in  combination  with  a  mole- 
cule of  phosphoric  acid  to  form  a  so-called  nucleotide  (195),  or  mono- 
nucleotide. The  union  is  between  the  acid  and  the  sugar  (195),  and  is 
probably  an  ester  linkage  between  the  phosphoric  acid  and  the  primary 
alcohol  group  of  the  sugar  molecule.  All  four  of  the  theoretically  possi- 
ble mononucleotides  of  yeast  nucleic  acid  are  now  known  (cf .  Jones  and 
Kennedy  (135),  Thannhauser  and  Dorfmuller  (300),  Levene  (177),  (178), 
(179)). 

The  facts  outlined  above  led  Levene  (175)  to  believe  that  yeast 
nucleic  acid  is  a  tetra-nucleotide  composed  of  the  four  mono-nucleo- 
tides  of  adenine,  guanine,  cytosine  and  uracile.  He  (176)  has  recently 
suggested  the  following  formula  in  which  the  nucleotides  are  represented 
as  united  to  each  other  by  ester  linkages.  Levene  (180)  is  also  of  the 
opinion  that  thymus  nucleic  acid  has  an  analogous  structure,  in  which 
the  four  hexose  nucleotides  are  combined  through  the  phosphoric  acid 
and  sugar  molecules. 

HO 
\ 
0=P— O— CsHtOj  •  CiHiNsO  (guanine) 

HO 


i 

-O— Cj 

i 


0=P— O— CiHyOj  •  C4H«N,0  (cytosine) 
/ 
HO 


0=P— O— C5H7O2  •  C4H3N2O2  (uracile) 
HO 


I 


0=P— O— CjHgO,  •  CiHiNa  (adenine) 

HO 

Levene' s  formula  for  Yeast  Nucleic  Acid 
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Until  recently  Jones  (131)  has  advocated  an  ether  linkage  between 
the  sugar  molecules  of  the  nucleotides.  This  idea  has  been  accepted  by 
Thannhauser  and  Sachs  (301).  Within  the  past  few  months  Jones  (137) 
has  modified  his  views,  and  now  represents  the  structure  of  yeast 
nucleic  acid  as  follows : 

HO 

0=P— O— CoHjOz  •  C&HiNsO  (guanine) 

HO 


i 


HO     I 
0=P— O— COItOj  •  C4H4N3O  (cytosine) 

O 
0=P— O— CiHjOi  •  C^HjNjOa  (uracile) 

-1 

HO  I 

\  I 

0=P— O— CjHjO,.  •  C6H4N6  (adenine) 

ho/ 

Jones  and  Perkins'  formula  for  Yeast  Nucleic  Acid 

As  to  evidence  for  and  against  each  of  these  formulas,  the  reader  is 
referred  to  the  original  articles. 

In  addition  to  the  true  nucleic  acids,  two  compounds  of  analogous 
structure  have  been  separated  from  certain  tissues.  In  1847  Liebig 
(203)  isolated  from  meat  extract  a  compountl  which  he  named  ino- 
sinic  acid.  The  structure  of  this  sul^stance  has  been  established  laigely 
through  the  work  of  Bauer  (26),  Neuberg  and  Brahn  (242),  Haiser  and 
Wenzel  (99),  and  Levene  and  Jacobs  (182),  (183),  and  has  been  shown 
to  be  a  mono-nucleotide  of  phosphoric  acid,  d-riboso,  and  hypo- 
xanthine  having  the  following  formula: 

HO 

0=P— O— C|HA-C»H»N40  (hypoxanthine) 

HO 

hiosinic  Acid 

The  second  8ubstaiic(>  of  this  kind  is  also  a  mononucleotide.  In  1894 
Hammareten  (101)  prepared  two  nucleoprotein.s  from  pancreatic  tissue, 
from  one  of  which  (his  Ho-caliod  /3-nucIeoprotcin)  he  separated  guanylio 
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acid  by  hydrolysis.  Bang  (23),  (24),  Steudel  (285),  and  Levene  and 
Jacobs  (185),  (192)  have  shown  that  guanyUc  acid  has  the  following 
structure : 

HO 

0=P— O— CsHjOj  •  CsH^NiO  (guanine) 

/ 
HO 

Guanylic  Acid 

Guanylic  acid  has  also  been  isolated  from  a  variety  of  glandular  tissues 
other  than  the  pancreas  (cf.  Jones  and  Rowntree  (139),  and  Levene 
and  Mandel  (194)).  Inosinic  and  guanylic  acids  are  of  peculiar  interest 
in  that  they  contain  the  sugar  (d-ribose)  characteristic  of  plant  nucleic 
acids,  and  therefore  cannot  have  their  origin  in  the  tetra-nucleotide  of 
animal  cells.  They  doubtless  account  for  the  wide  distribution  of  pen- 
tose in  animal  tissues.  There  is  no  evidence  to  indicate  that  they  occur 
in  cell  nuclei,  but  on  the  contrary,  they  probably  exist  in  combination 
with  the  protein  of  the  cytoplasm. 

The  discovery  and  identification  of  nucleic  acids,  and  of  the  extra- 
nuclear  inosinic  and  guanylic  acids,  served  to  greatly  stimulate  investi- 
gation of  the  physiological  history  of  uric  acid,  the  study  of  which  had 
formerly  been  pursued  in  a  more  or  less  haphazard  manner. 

3.  The  digestion  of  exogenous  nucleic  acids  (nucleopro- 
TEiNs) .  Abundant  evidence  has  been  accumulated  indicating  that  the 
protein  portions  of  ingested  nucleoproteins  are  split  off  by  the  gastric 
and  pancreatic  juices  with  the  liberation  of  free  nucleic  acids.  In  1892 
Lilienfeld  (205)  found  that  nucleoproteins  are  converted  into  proteins 
and  "nuclein"  by  the  gastric  secretion,  and  that  the  nuclein  is  sub- 
sequently disintegrated  by  the  pancreatic  juice  into  protein  and  free 
nucleic  acid.  On  the  basis  of  these  observations,  and  at  the  suggestion 
of  Kossel,  he  proposed  the  scheme  of  nucleoprotein  structure  already 
alluded  to  (see  p.  547).  The  fact  that  the  proteolytic  enzymes  of  the 
gastric  and  pancreatic  secretions  are  capable  of  removing  the  protein, 
and  digesting  it  just  as  they  do  other  proteins,  has  been  verified  by 
Popoff  (252),  Umber  (307),  Harding  and  MacLean  (103),  and  others. 
Apparently  trypsin  is  far  more  effective  in  this  regard  than  is  pepsin. 

In  this  connection  the  work  of  Schmidt  (274)  should  be  mentioned. 
Schmidt  believed  that  cell  nuclei  are  digested  by  the  pancreatic  juice 
only,  and  suggested  that  the  microscopic  examination  of  the  stools 
foi-  cell  nuclei  following  the  feeding  of  nuclear  material  might  be  em- 
ployed as  a  diagnostic  test  for  inefficiency  in  pancreatic  digestion.     Sev- 
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eral  investigators,  notably  Strauch  (288),  were  ardent  defenders  of  the 
alleged  value  of  the  "Schmidt  test."  It  is  likely  that  both  Schmidt 
and  Strauch  were  deceived  by  the  slowness  of  peptic  digestion  under  the 
conditions  of  their  experiments.  Both  in  the  in  vitro  experiments  and 
in  the  clinical  diagnostic  tests,  they  used  strips  of  muscle  tissue  which 
had  previously  been  hardened  in  alcohol  as  the  substrate  for  the  action 
of  the  enzymes.  It  is  likely  that  their  negative  tests  are  attributable 
to  the  relative  indigestihility  of  the  alcohol-hardened  tissue.  That  pep- 
sin can  slowly  digest  cell  nuclei,  even  after  hardening  of  the  tissue,  has 
been  shown  by  Hesse  (107)  and  Kashiwado  (141).  The  results  of  the 
latter  investigators,  and  of  van  Westenrijk  (323),  indicate  that  the 
Schmidt  test  is  unreliable.  Certainly  there  seems  to  be  no  occasion  for 
doubting  that  the  alimentary  enzymes,  under  ordinary  conditions, 
completely  digest  the  protein  portion  of  the  nucleoprotein. 

The  gastric  and  pancreatic  juices  are  generally  believed  to  be  entirely 
without  influence  upon  nucleic  acids.  Milroy  (230)  believed  that 
trypsin  slowly  removes  phosphoric  acid  in  some  organic  form  from 
nucleoproteins,  and  Abderhalden  and  Kashiwado  (4)  report  that  part 
of  the  phosphoric  acid  is  split  off  under  the  influence  of  the  gastric  and 
pancreatic  secretions.  That  such  reactions  could  occur  to  an  appreci- 
able extent  seems  quite  unlikely  in  view  of  the  investigations  of  others. 
Abderhalden  and  Schittenhelm  (5)  had  previously  reported  that  pan- 
creatic juice  collected  from  fistula  animals,  either  with  or  without  the 
addition  of  enterokinase,  decomposes  thymus  nucleic  acid  in  such  a  way 
as  to  destroy  its  power  of  gelatinizing,  but  without  the  liberation  of  free 
purines.  They  also  stated  that  gastric  juice  was  without  effect  upon 
nucleic  acid.  Levene  and  Medigreceanu  (197)  were  unable  to  detect 
an  enzyme  capable  of  decomposing  nucleic  acids  in  cither  the  gastric  or 
pancreatic  secretions.  Furthonnore,  the  early  experiments  of  Milroy 
are  not  convincing.  This  author  employed  extracts  of  the  pancreas  for 
his  experiments,  instead  of  digestive  juices  collected  from  fistula  animals. 
It  is  caneoivabl(»  that  such  enzyme  preparations  may  have  contained 
intracellular  purine  ferments.  As  we  shall  see  later,  intracelluhir  en- 
zymes produc(;  mon;  profound  disintegrative  changes  in  the  nucleic  acid 
molecule  than  do  alimentary  secretions.  For  the  most  part  Mihoy's 
experiments  were  made  with  artificial  nucleins  prepared  by  bringing 
together  faintly  acid  solutions  of  pnifcins  and  nucleic  acid.  Jones  (127) 
has  shown  that  trypsin  is  without  effect  upon  tli(»  nucleic  acjid  i)nrt  of 
nucleoproteins  when  the  latt(>r  are  purified,  and  dried  by  washing  with 
alcohol  and  ether.     Under  these  conditions  there  is  no  liberation  of 
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phosphoric  acid.  If,  however,  the  nucleoprotein  is  oot  so  purified  and 
dried,  intracellular  enzymes  from  the  tissue  used  in  the  preparation  of 
the  substrate  apfJarently  are  adsorbed  by  the  nucleoprotein,  in  spite  of 
frequent  reprecipitations,  and  through  their  action  may  lead  to  errone- 
ous conclusions.  Jones'  work  clearly  shows  the  complete  independence 
of  trypsin  and  the  enzyme  responsible  for  nucleic  acid  disintegration. 
Other  investigators  (cf.  Biondi  (40),  Iwanoff  (122)  and  Sachs  (265)) 
also  recognized  the  latter  fact,  but  the  experimental  data  upon  which 
their  opinions  were  based  are  not  as  convincing  as  those  of  Jones. 

Nakayama  (240)  found  an  increase  in  free  phosphoric  acid  when 
extracts  of  intestinal  mucosa  were  permitted  to  act  upon  nucleic  acid. 
He  made  the  rather  remarkable  deduction  that  the  enzjone  responsibte 
for  the  splitting  of  nucleic  acid  is  identical  with  erepsin.  More  likely, 
as  pointed  out  by  Jones  (130,  p.  60),  the  experiments  of  Nakayama 
merely  show  the  similarity  in  distribution  of  the  two  enzjTnes,  and 
indicate  that  it  is  difficult  to  obtain  an  erepsin  preparation  devoid  of  the 
enzyme  concerned  in  nucleic  acid  disintegration.  It  is  quite  unlikely 
that  a  member  of  a  group  of  substances  which  are  characterized  by  such 
remarkable  specificity  in  action  as  are  enzymes  should  act  upon  two 
substrates  so  widely  different  as  peptones  and  nucleic  acids. 

The  most  careful  and  complete  experiments  reported  concerning 
the  action  of  alimentary  enzymes  upon  nucleic  acids  are  those  of  Levene 
and  his  associates.  Using  extracts  of  the  intestinal  mucosa  and  pure 
gastric,  pancreatic  and  intestinal  juices  obtained  from  Pawlow  fistula 
animals,  Levene  and  Medigreceanu  (197),  (198)  found  by  optical  methods 
of  study  that  three  groups  of  enzymes  are  concerned  in  nucleic  acid 
digestion,  instead  of  a  single  ferment,  "nuclease"  (122),  as  had  formerly 
been  believed.  They  employed  as  substrates  not  only  yeast  and  thy- 
mus nucleic  acids,  but  a  variety  of  fragments  of  the  nucleic  acid  mole- 
cules, which  differed  widely  from  each  other  in  structural  complexity. 
Their  investigations  led  to  the  following  conclusions:  a,  Gastric  and 
pancreatic  juices  are  not  concerned  in  nucleic  acid  disintegrations. 
6,  Intestinal  juice  contains  an  enzyme  (nucleinase)  which  hydrolyzes 
tetra-nucleotides  into  mono-nucleotides,  and  another  enzyme  or  group 
of  enzymes  (nucleotidases)  which  hydrolyze  purine  nucleotides  into 
phosphoric  acid  and  nucleosides.  The  pyrimidine  nucleotides  are 
probably  not  affected  by  the  succus  entericus.  c,  Extracts  of  the  intes- 
tinal mucosa  contain  nucleinase,  nucleotidases  for  both  the  pyrimidine 
and  purine  nucleotides,  and  a  third  enzyme  or  group  of  enzymes  (nucleo- 
sidases) capable  of  hydrolyzing  the  purine  nucleosides  into  sugar  and 
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bases.  The  pyrimidine  nucleosides  are  apparently  not  hydrolyzed  in 
the  intestinal  wall.  Indeed,  studies  of  Levene  and  La  Forge  (193)  indi- 
cate that  thej'  are  not  hydrolyzed  into  sugar  and  bases  by  extracts  of 
any  tissue. 

At  about  the  time  the  work  of  Levene  and  Medigreceanu  appeared, 
London  and  Schittenhelm  (208),  and  London,  Schittenhelm  and  Wiener 
(209),  (210)  published  the  results  of  feeding  experiments  in  fistula 
dogs.  By  means  of  experiments  in  which  nucleic  acid  was  adminis- 
tered orally,  and  removed  at  various  stages  in  its  passage  through  the 
alimentary  canal,  the  authors  arrived  at  the  following  conclusions: 
a,  The  stomach  does  not  digest  or  absorb  nucleic  acids,  b,  In  the 
intestine,  chemical  changes  occur  in  such  a  fashion  as  to  produce  small 
amount  of  free  purines,  but  larger  amounts  of  purine  compounds  of  a 
diffusible  nature  (nucleotides  and  nucleosides?),  c,  The  exclusion  of 
pancreatic  juice  from  the  intestine,  or  even  the  extirpation  of  the  stomach 
or  the  pancreas,  is  without  effect  upon  nucleic  acid  digestion,  d,  The 
results  of  in  vitro  experiments  agree  with  the  in  vivo  data  in  showing  that 
pancreatic  juice  exerts  no  action,  while  intestinal  juice  manifests  marked 
digestive  effect  upon  nucleic  acid.  It  is  thus  seen  that  in  their  essential 
features,  the  conclusions  of  London  and  his  associates  are  in  accord  with 
the  findings  of  Levene  and  Medigreceanu.  It  is  unfortunate  that  London, 
Schittenhelm  and  Wiener  (209),  (210)  claim  to  have  identified  guano- 
sine,  and  also  to  have  detected  a  substance  having  the  properties  of 
guanylic  acid,  following  the  feeding  of  thymus  nucleic  acid.  Since 
guanosine  and  guanylic  acid  are  products  of  the  disintegration  of  j/cast 
nucleic  acid,  it  is  obviously  impossible  for  them  to  have  had  their  origin 
in  thymus  nucleic  acid.  Levene  and  Jacobs  (191)  have  suggested  as  a 
po88il)le  explanation  of  these  remarkable  observations,  that  the  thymus 
nucleic  acid  employed  by  London,  Schittenhelm  and  Wiener  may  have 
been  ap  impure  product  containing  guanylic  acid.  Nevertheless,  the 
fact  that  Ix)ndon  and  his  colleagues  report  such  imique  findings  without 
attempting  to  offer  a  satisfactory  explanation  for  them  must  necessarily 
shake  one's  confidence  somewhat  in  the  validity  of  their  other  results. 

Recently  Thannhauser  and  Dorfiniiller  (295),  (298)  have  rci)()rt.(Ml 
that  human  duo<lenal  fluid  splits  ycjist  nucleic  acid  into  uracilc  nucleo- 
tide and  a  triphoHphonucleic  acid.  It  is  very  pro))able  tliat  their  so- 
called  triplio8plionuclci(!  acid  is  a  mixture  of  mono-nucleotides  (cf. 
Jones  (130),  p.  39).  Tiicy  find  (299)  that  intestinal  bacteria  disintegrate 
the  purine  ring  with  the  liberation  of  anunonia,  and  that  this  accomits 
for  the  failure  to  n!rover  <juantitatively  purines  (or  nucUuc  acids)  ad- 
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ministered  per  os.  They  believe  that  under  ordinaiy  conditions  purines 
are  absorbed  probably  as  nucleosides,  and  in  accord  with  this  concep- 
tion, they  have  been  unable  to  detect  free  purines,  other  than  uric  acid, 
in  the  blood  (297). 

There  seems  to  be  very  little  doubt,  therefore,  that  in  the  alimentary 
tract  nucleic  acids  are  progressively  broken  down  through  the  inter- 
mediary stages  of  nucleotides  and  nucleosides.  How  far  these  reactions 
proceed  is  uncertain.  At  the  completion  of  the  action  of  the  enzymes 
of  the  succus  entericus,  and  of  the  intracellular  enzymes  in  the  intestinal 
wall,  the  products  available  for  absorption  are  probably  phosphoric 
acid  and  nucleosides,  with  more  or  less  sugar  (hexose  or  d-ribose), 
adenine,  and  guanine.  Such  information  as  we  have  indicates  that  all 
of  these  products  enter  the  portal  circulation.  The  investigations  of 
Biberfeld  and  Schmid  (39)  show  that  purines  are  not  absorbed  via  the 
lymphatics.  In  animals  with  thoracic  fistulas,  these  authors  were  un- 
able to  detect  the  slightest  increase  in  the  free  or  combined  purines  of  the 
lymph  following  the  feeding  of  thymus  nucleic  acid.  Indeed,  detectable 
amounts  of  purines  were  never  found  even  after  hydrolysis  of  the 
lymph  with  3  per  cent  sulphuric  acid.  We  are,  therefore,  forced  to 
assume  for  the  present,  that  the  ingredients  of  nucleic  acids  are  absorbed 
by  way  of  the  portal  circulation.  The  fate  of  the  purines,  with  which 
this  article  is  particularly  concerned,  will  be  considered  below. 

4.  The  anabolism  of  purines.  Comparatively  little  is  known 
concerning  the  anabolism  of  purines.  The  animal  organism  is  certainly 
not  dependent  upon  prefonned  purines  in  the  diet  for  the  formation 
of  nucleic  acids  in  the  cell  nuclei.  The  observations  of  Miescher 
(228)  in  1874,  tftiat  the  migrating  salmon  forms  relatively  enormous 
amounts  of  nuclein  for  the  generation  of  spermatozoa,  indirectly  indi- 
cates the  ability  of  this  animal  to  synthesize  purines.  Numerous 
investigations  have  confirmed  the  findings  of  Miescher,  and  have 
established  the  fact  that  the  salmon,  during  its  long  migration  from 
the  sea  to  the  spawning  grounds,  abstains  from  food,  and  forms  the 
nuclear  material  at  the  expense  of  its  own  muscle  tissue. 

Since  the  work  of  Miescher,  the  problem  of  purine  synthesis  has  been 
attacked  from  several  different  points  of  view,  and  direct  and  convincing 
proof  has  been  provided  that  the  cells  of  both  adult  and  young  animals 
are  capable  of  synthesizing  purines  to  the  fullest  extent  for  anabolic 
purposes.  The  first  to  study  the  question  was  Tichomiroff  (305),  who. 
working  with  the  ova  of  the  silkworm,  Bombyx  mori  L.,  found  almost  a 
tenfold  increase  in  purines  during  the  embryonic  development  of  the 
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eggs.  Obviously,  these  purines  must  have  had  their  origin  in  some 
non-purine  ingredient  of  the  ova.  Soon  after  the  work  of  Tichomiroff, 
Kossel  (159)  made  similar  experiments  upon  hens'  eggs,  and  obtained 
like  results.  In  spite  of  numerous  attempts,  Kossel  was  unable  to  detect 
purines  in  fresh  eggs,  but  after  incubating  an  egg  for  fifteen  days  isolated 
8.4  mgm.  of  guanine  and  19.5  mgm.  of  hypoxanthine  (perhaps  also 
adenine) .  Calculated  on  a  basis  of  the  dry  substance  in  the  embryo,  the 
figures  amounted  to  approximately  0.94  per  cent  of  purines.  Mendel 
and  Leavenworth  (221),  using  more  refined  methods,  repeated  and 
extended  the  experiments  of  Kossel,  and  obtained  uniformly  progressive 
increases  in  the-  purine  content  of  both  hens'  and  ducks'  eggs  during 
incubation.  They  succeeded  also  in  isolating  and  identifying  adenine, 
guanine  and  hypoxanthine,  which  are  characteristic  components  of 
nucleoproteins.  These  experiments  afforded  conclusive  proof  of  a 
synthesis  of  purines  during  embrj^onic  development. 

Corroboratory  evidence  of  synthesis  was  supplied  by  Plimmer  and 
Scott  (251)  in  studies  upon  the  distribution  of  the  various  forms  of 
phosphorus  in  the  egg  during  incubation.  They  report  that  the  phos- 
phoric acid  of  the  nucleic  acid  probably  has  its  origin  in  the  vitcllin  of 
the  yolk.  In  rats,  McCollum  (216)  has  shown  that  inorganic  phosphates 
may  serve  as  the  sole  supply  of  phosphorus  for  nuclein  synthesis 
(cf.  also  Fingerling  (69)). 

At  a  somewhat  later  date  Burian  and  Schur  (49)  proved  the  synthe- 
sis of  purines  in  growing  mammals.  Suckling  rabbits  and  pups  were 
permitted  to  grow  for  varying  periods,  and  compared  as  regards  their 
purine  content  with  animals  of  the  same  litter  which  had  been  killed  and 
analyzed  at  the  beginning  of  the  experiment.  In  two  of  the  typical 
rabbit  experiments,  the  increases  in  purine  nitrogen  amounted  to 
94.1  and  136.7  mgm.  respectively  during  eighteen-day  periods.  The 
authors  were  unable  to  secure  sufficient  rabbit's  milk  for  the  deter- 
mination of  its  purine  content.  Analyses  of  cow's  milk  showed  the 
presence  of  4.12  to  0.40  mgm.  of  puriiK*  nitrogen  per  liter.  If  rabbit's 
milk  contains  a  sirnilur  quantity  of  purine  nitrogen,  it  is  obviously  im- 
possible for  the  increased  purine  content  of  tlu^  tissues  to  have  had  an 
exclusively  exogenous  origin.  For  such  to  have  been  the  case  would 
have  necessitated  the  consumption  of  a  liter  or  more  of  milk  per  day  by 
each  of  the  growing  animals.  Nor  are  the  conclusions  of  Durian  and 
ftchur  invaUdated  by  the  recent  determinations  of  i)urineH  in  cow's  milk 
by  Voc!Ktlin  and  Sherwin,  and  Denis  and  Minot.  Tiu>.se  authors  report 
that  cow's  milk  contains  5  mgm.  of  adenine  and  10  mgm.  of  guanine  per 
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liter  "as  minimum  values"  (313),  and  about  15  mgm,  of  uric  acid  per 
liter  (59),  or  a  nitrogen  content  in  the  form  of  these  three  purines  of 
12.2  mgm.  per  liter.  Even  if  we  assume  that  the  actual  purine  content 
of  milk  is  100  per  cent  greater  than  the  combined  values  obtained  by 
Voegthn  and  Sherwin,  and  Denis  and  Minot,  or  25  mgm.  of  purine 
nitrogen  per  liter,  we  would  still  be  compelled  to  assume  a  milk  con- 
sumption of  200  to  300  cc.  per  animal  per  day  in  order  to  account  for 
the  data  of  Burian  and  Schur. 

But  fortunately  we  are  not  limited  to  evidence  of  this  sort,  in  which 
there  is  the  possibility  of  a  marked  difference  in  the  purine  content  of 
cow's  and  rabbit's  milk  (cf.  Denis  and  Talbot  (60)  for  uric  acid  content 
of  human  milk)  which  might  account  for  the  experimental  findings. 
Abundant  evidence  of  an  entirely  different  kind  has  been  accumulated 
indicating  that  purines  are  not  necessary  articles  of  diet.  As  early  as 
1891  Socin  (280),  in  studying  the  utihzation  of  inorganic  and  organic 
iron  compounds,  succeeded  in  maintaining  the  health  and  growth  of 
mice  upon  a  purine-free  diet  of  cooked  egg-yolk,  starch,  cellulose,  and 
water.  Experiments  with  some  of  his  animals  were  continued  for 
sixty  to  ninety-nine  days,  Similar  conclusions  have  been  reached  by 
McCollum  (216)  in  investigations  upon  rats.  In  the  elaborate  growth 
experiments  of  Osborne  and  Mendel  (249),  indisputable  evidence  has 
been  presented  that  purines  are  unessential  articles  of  diet,  and  both 
they  and  other  investigators  (cf.  Abderhalden  (1))  have  verified  this 
fact  over  and  over  again  in  feeding  experiments  with  purified  foodstuffs. 
Moreover,  Benedict  (32)  has  made  the  remarkable  observation  that  a 
Dalmatian  dog,  which  normally  eliminates  uric  acid  in  the  urine,  may 
be  maintained  upon  a  purine-free  diet,  and  continue  to  eliminate  uric 
acid.  In  one  such  experiment  a  Dalmatian  was  kept  upon  a  diet  devoid 
of  purines  for  nearly  a  year,  and  during  this  time  excreted  more  than 
100  grams  of  uric  acid.  Not  10  per  cent  of  this  could  have  come  from 
the  preformed  purines  of  the  animal's  tissues.  Thus  the  power  of 
purine  synthesis  it  not  limited  to  growing  animals,  but  is  character- 
istic of  the  adult  mammal  as  well. 

Finally,  Kollmann  (151)  has  recently  reported  experimental  re- 
sults indicative  of  purine  synthesis  in  adult  man.  A  healthy  young 
woman  was  kept  upon  a  constant  diet  of  very  low  purine  content  for  a 
period  of  50  days.  Despite  the  fact  that  she  gained  4  kgm.  in  body 
weight  during  this  time,  the  uric  acid  output  exceeded  the  total  purine 
intake  by  15  grams  for  the  experimental  period.  Evidently  synthesis 
of  the  purine  ring  must  have  occurred. 
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As  to  the  mechanism  of  purine  formation,  and  the  intermediary 
steps  involved,  the  literature  affords  very  little  information.  The 
field  is  almost  entirelj'  unexplored.  Obviously,  the  synthesized  purines 
must  have  their  origin  in  one  or  more  of  the  amino-acids  of  the 
protein  molecule,  but  the  only  publication,  with  which  we  are 
familiar,  that  throws  any  light  upon  the  problem  is  the  interesting 
paper  of  Ackroyd  and  Hopkins  (10).  It  occurred  to  these  authors  that 
purines  might  have  their  origin  in  arginine  and  histidine,  the  pyrimi- 
dine  portion  of  the  molecule  coming  from  the  former,  and  the  imidazole 
ring  from  the  latter.  In  this  case  both  arginine  and  histidine  would 
be  necessary  for  purine  synthesis,  as  indicated  in  the  formulas  below. 

H— N  -  C=0 

H,N— C      C— NH 
\ 


N-C— N 
Guanine 


^ 


C— H 


HN  -  CH, 

HiNC      CH, 

NH      CH, 

CHNH, 

COOH 
Arginine 


HC  -NH 

\ 


CH 


C  -  N 

CH, 

CHNHo .  COOH 
Histidine 


To  test  this  hypothesis  they  compared  the  growth  and  allantoine 
output  of  rats  upon  diets  in  which  the  nitrogenous  requirements  were 
supplied  respectively  by  completely  hydrolyzed  casein,  and  hydrolyzed 
casein  from  which  arginine  and  histidine  had  been  removed.  Both 
1)^)68  of  diet  were  supplemented  with  cystine,  tryptophane  and  vita- 
mines  in  sufficient  quantities  to  render  them  adequate  in  these  re- 
spects for  the  nutritive  requirements  of  the  animals.  Upon  the  in- 
gestion of  the  diet  devoid  of  tlie  two  amino-acids,  th(»  animals  j)roniptly 
and  rapirlly  lost  weight,  and  showed  dcK'rcase.s  of  40  to  50  ikm*  cent 
in  the  elimination  of  allantoine.  Contrary  to  the  authors'  original 
expccrtations,  however,  the  addition  to  the  deficient  diet  of  (Mther  of 
the  missing  amino-acidK  was  followed  by  a  reHinn]>ti()n  in  growth,  and 
an  increase  in  the  excretion  of  allantoitic.  Fiirtlicnnore,  tlx;  (hu-n^asc  in 
allantoine  excrr^tion  was  miicli  Ichh  when  either  arginin(>  or  hi.stidine  alone 


TABLE  1* 

Effect  of  arginine  and  histidine  upon  allantoine  excretion 


MEAN 

WEIOHT 

DURING 

WEEK 


NITROGEN  PER  HAT 
PER  DAY 


O  H 


Experiment  I 


19U 

ams. 

oms. 

mym. 

mgm. 

mgm. 

nijOT. 

1 

124 

132 

458 

147 

0.65 

11.6 

7.8 

Bread  and  milk 

2 

116 

126 

296 

95 

0.44 

8.0 

8.4 

Amino-acids  without  arginine  and 
histidine 

3 

109 

116 

260 

107 

0.30 

6.5 

6.3 

Amino-acids  without  arginine  and 
histidine 

4 

105 

109 

319 

116 

0.40 

8.0 

6.7 

Amino-acids  without  arginine  and 
histidine 

5 

102 

106 

228 

104 

0.23 

5.8 

5.6 

Amino-acids  without  arginine  and 
histidine 

G 

113 

114 

347 

134 

0.36 

9.0 

6.7 

Amino-acids  plus  arginine  and  his- 
tidine 

7 

121 

124 

347 

133 

0.34 

9.0 

6.7 

Amino-acids  plus  arginine  and  his- 
tidine 

S 

131 

131 

400 

157 

0.49 

10.1 

7.0 

Amino-acids  plus  arginine  and  his- 
tidine 

9 

137 

141 

454 

199 

0.69 

11.5 

5.8 

Bread  and  milk 

Experiment  II 


Rat 
C 

146 

Rat 
D 

125 

1 

575 

182 

0.63 

14.6 

8.0 

Bread  and  milk 

2 

139 

119 

406 

105 

0.44 

10.3 

9.8 

Amino-acids  without  arginine  and 
histidine 

3 

125 

112 

306 

111 

0.46 

7.7 

7.0 

Amino-acids  without  arginine  and 
histidine 

4 

119 

106 

390 

142 

0.37 

9.9 

7.0 

Amino-acids  without  arginine  and 
histidine 

5 

120 

106 

310 

130 

0.39 

7.9 

6.1 

Amino-acids  plus  arginine  and  his- 
tidine 

6 

125 

115 

413 

119 

0.46 

10.5 

8.8 

Amino-acids  plus  arginine  and  his- 
tidine 

7 

131 

120 

400 

135 

0.53 

9.9 

7.3 

Amino-acids  plus  arginine  and  his- 
tidine 

8 

133 

127 

486 

136 

0.50 

12.3 

9.0 

Amino-acids  plus  arginine  and  his- 
tidine 

9 

142 

137 

501 

167 

0.51 

13.6 

8.1 

Bread  and  milk 

Table  taken  from  Ackroyd  and  Hopkins  (10). 
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was  removed  from  the  ration,  than  when  both  were  excluded.  The 
results  of  two  typical  experiments  of  Ackroyd  and  Hopkins  are  repro- 
duced in  table  1.  The  figures  for  the  daily  elimination  of  total-,  purine-, 
and  allantoine-nitrogen  represent  the  averages  for  two  rats. 

The  experimental  findings  led  Ackroyd  and  Hopkins  to  modify 
their  original  conception,  and  to  conclude  that  arginine  and  histi- 
dine  are  replaceable  the  one  by  the  other  in  nutrition,''  and  that  each 
may  serve  as  the  raw  material  for  the  synthesis  of  the  purines.  The 
structural  similarity  of  these  two  amino-acids  is  evident  from  the 
formulas  below. 

CHj  -  NH  CH  -  NH 


\ 
C-NH, 


CH 


CH,   NH  C N 

CHi  CHj 

CHNH,  CHNH, 

COOH  COOH 

Arginine  Histidine 

We  shall  consider  the  paper  of  Ackroyd  and  Hopkins  in  another  con- 
nection later. 

There  is  one  other  question  in  connection  with  purine  anabolism 
which  should  be  briefly  considered,  namely,  the  possibility  of  the  utiliza- 
tion of  exogenous  purines  for  nuclein  formation.  We  have  already 
seen  that  purines  are  not  necessary  ingredients  of  the  diet,  but  this  fact 
docs  not  exclude  the  possibility  of  their  being  anabolized  into  nucleic 
acids  when  they  are  present,  in  lieu  of  a  synthesis  of  purines  from  the 
usual  precursors.  No  conclusive  answer  to  this  question  is  to  bo  found 
in  the  literature.  In  a  recent  paper  the  writer  (262)  tentatively  sug- 
gested that  in  conditions  of  physiological  stress,  such  as  starvation,  the 
purines  liberated  in  tissue  wear  and  tear  might  possibly  be  ro-utilized 
for  anabolic  purposes.  A  similar  possibility  is  presented  in  the  case  of 
exogenous  purines.    While  it  is  exceedingly  difficult  to  exclude  such  an 

•  InvcstiKationii  in  this  laboratory  have  served  to  cast  doiiht  upon  the  validity 
of  Ackroyd  and  Hopkinn'  conchisions  regarding  the  relation  of  arginine  and 
histidine  to  growth.  Our  pndiininary  experiments  indicate  that  these  aniino- 
aeid*  cannot  replace  each  other  in  nutrition  (Rose  and  Cox  (2(i.'i)  ).  However, 
our  obeervations  do  not  necessarily  afTect  the  deductions  of  Ackroyil  and  Hopkins 
eonoeming  purine  formation  from  the  diantino-acids.  Wo  expect  to  present  our 
data  in  full  in  the  near  future. 
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occurrence  in  the  case  of  at  least  a  part  of  the  ready-formed  purines  of  the 
diet,  it  must  be  admitted  that  the  evidence  available  is  probably  un- 
favorable to  such  a  view.  The  prompt  increase  in  the  elimination  of 
uric  acid  or  allantoine  following  the  ingestion  of  nucleic  acids  or  purines 
(cf.  Kriiger  and  Schmid  (171),  Schittenhelm  and  Bendix  (270),  Mendel 
and  Brown  (220),  Mendel  and  Lyman  (222)),  would  seem  to  indicate 
that  the  latter  are  promptly  catabolized,  and  their  end-products  dis- 
carded. On  the  other  hand,  it  is  a  matter  of  common  experience,  as 
will  be  discussed  later,  that  purines  administered  either  orally  or  paren- 
terally  are  not  quantitatively  recovered.  The  fate  of  the  uneliminated 
portion  is  unknown. 

5.  The  catabolism  of  purines,  a.  The  chemical  transformations 
and  the  enzymes  involved.  Nucleic  acids  liberated  in  the  disintegration 
of  nucleoproteins  of  animal  tissues  are  believed  to  be  hydrolyzed  into 
their  ultimate  components  in  a  manner  quite  similar  to  that  which  occurs 
in  the  case  of  exogenous  nucleic  acids  during  digestion  in  the  alimentary 
tract.  However,  more  profound  decompositien  is  brought  about  under 
the  influence  of  the  intracellular  enzymes  than  is  cccasioned  by  ali- 
mentary ferments,  and  the  process  is  more  complex  inasmuch  as  a 
larger  numbef  of  enzymes  is  involved,  and  a  greater  variety  of  trans- 
formations is  thus  made  possible.  In  the  catabolism  of  nucleic 
acids  and  the  component  purines,  one  sees  a  remarkable  illustration 
of  specificity  in  enzymatic  reactions.  Nowhere  else  in  metabolism 
is  the  division  of  physiological  labor  between  several  catalyzers  so 
beautifully  exemplified  as  in  the  disintegration  of  nucleic  acids. 

According  to  Levene  and  Medigreceanu  (196),  (198),  practically 
all  organs  of  the  body,  as  far  as  they  have  been  examined,  contain 
nucleinases  which  hydrolyze  poly-nucleotides  into  mono-nucleotides, 
nucleotidases  which  decompose  mono-nucleotides  into  phosphoric  acid 
and  nucleosides,  and  nucleosidases  which  spUt  nucleosides  into  their 
component  sugar  and  base.  Inasmuch  as  the  pyrimidine  nucleotides 
and  nucleosides  are  hydrolyzed  by  ferments  which  are  different  from 
those  which  decompose  the  purine  nucleotides  and  nucleosides,  it  seems 
quite  probable  that  four  specific  ferments  of  each  class  are  concerned 
in  nucleic  acid  disintegration.  But  other  paths  of  decomposition 
may  also  occur  besides  those  proven  by  Levene  and  Medigreceanu. 
Leaving  the  pyrimidine  nucleotides  out  of  consideration,  Jones  (128), 
(129)  has  shown  that  the  purine  nucleotides  may  undergo  enzymatic 
disintegration  in  two  different  ways.  Phosphoric  acid  may  be  removed 
leaving  the  nucleosides,  or  the  purine  bases  may  be  removed  leaving 
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the  sugar  and  phosphoric  acid  combined.  Amberg  and  Jones  (14)  have 
named  the  first  of  these  enzymes  "  phospho-nuclease"  (nucleotidase  of 
Levene  and  Medigreceanu),  while  they  designate  the  second  as  "purine- 
nuclease. "  Phospho-nuclease  acts  most  rapidly  in  a  faintly  acid 
solution,  and  purine-nuclease  is  most  effective  in  a  faintly  alkaline 
solution  (130). 

Phospho-nuclease  (acid  solution) 
HO  I 

\  r 1 

0=P— O  CsHgOa C5H4N6O 

ho/ 

L I 


Purine-nuclease  (alkaline  solution) 


Furthermore,  Jones  (129)  and  Amberg  and  Jones  (14)  have  shown  that 
deamination  of  the  purines  may  occur  before  they  have  been  liberated 
from  the  nucleosides.  Thus  adenosine  may  be  transformed  into  inosine, 
and  guanosine  into  xanthosine.  The  enzymes  responsible  for  these 
changes  are  known  as  adenosine-deaminase  (14),  and  guanosine-deami- 
nase  (129)  respectively.  Other  ferments,  which  Jones  and  his  associates 
call  adenosine-hydrolase  (15),  guanosine-hydrolase  (134),  xanthosine- 
hydrolasc  (129),  and  inosine-hydrolase  (14)  respectively,  hydrolyze 
the  corresponding  nucleosides  into  their  component  purines  and  sugar. 
Thus  the  path  of  nucleic  acid  decomposition  may  vary  with  conditions, 
and  with  the  enzymes  available  in  the  organ  or  tissue  in  question. 

The  purines  liberated  in  these  reactions,  as  well  as  those  produced 
by  the  decomposition  of  the  mono-nucleotides  (inosinic  and  guanylic 
acids)  of  muscular,  pancreatic,  and  other  tissues,  arc  believed  to  be 
oxidized  to  uric  acid  through  the  instrumentality  of  the  enzymes  adenase 
(140),  guanasc  (136),  and  xanthine  oxidase  (282),  (329),  as  indicated  in 
the  formulas  below. 


I      I 
H— C    C— NH 


N— C— N 
Adenine 


>CH 


+  H,0 


H— N— C=0 

(adenase)  I       | 
>    H— C    C— NH 

"^H  Hypoxanthine 

N— C— N 
+ 
O     (xanthine  oxidase) 


H— N— C=0  H— N— C=0 

I  I  (guanase)           |       | 
H2N— C    C— NH         +H2O >  O^C     C— NH 

II  II       ^CH  I      II       yen  Xanthine 
N— C— N  H— N— C— N 

Guanine  + 

O    (xanthine  oxidase) 


H— N— C=0 

0=C    C— NH 

I      II        Nci^O  Uric  acid 
H— N— C— NH 

All  of  the  transformations  briefly  described  above  have  been  diagram- 
matically  summarized  by  Amberg  and  Jones  (14)  in  a  scheme  which 
is  reproduced  on  page  564.  Each  encircled  number  refers  to  the  enzyme 
responsible  for  the  change  in  question.  The  nucleic  acid  is  represented 
as  the  di-nucleotide  of  adenylic  and  guanylic  acids  united  by  ether 
linkage  through  the  sugar  molecules.  There  appears  to  be  no  doubt 
of  the  independent  existence  of  each  of  the  ferments  listed. 

The  distribution  of  purine  enzymes  varies  widely  in  different  species, 
and  in  different  organs  of  a  given  species,  and  cannot  be  discussed  in  the 
space  available  for  this  article.  It  is  noteworthy,  however,  that  ade- 
nase is  not  supposed  to  be  present  in  the  human  body  (Winternitz  and 
Jones  (334)),  with  the  possible  exception  of  the  mixed  organs  of  embryos 
(Long  (211)).  It  is  probable,  therefore,  that  under  ordinary  conditions 
in  man  adenine  is  deaminized  before  it  is  liberated  from  its  nucleoside.^ 
For  further  information  concerning  the  occurrence  of  purine  ferments, 
reference  should  be  made  to  the  monograph  of  Jones  (130).  A  resume 
of  the  literature  will  also  be  found  in  the  publications  of  Bloch  (41), 
(42).  (43). 

'An  interesting  paper  by  H.  Jackson  has  just  appeared  (Journ.  Biol.  Chem., 
1923,  Ivii,  121)  in  which  the  author  presents  evidence  indicating  the  occurrence 
of  adenine  nucleotide  in  human  blood.  He  believes  that  15-25  mgm.  per  100  cc. 
are  normally  present,  and  that  this  compound  accounts  for  a  considerable  part 
of  the  undetermined  nitrogen  of  the  circulating  fluid. 
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HO  NH, 

\  / 

0=P— O.C5H7O2.C5N4— OH 

/  1  \ 

HO  H 


HO 

0=P— O.C 

/ 

HO 

Nucleic  Acid 

i 


i 

6H7O2.C6N4— NH, 


H 


NH, 

/ 
C»N«H— OH 

\ 
H 


1 


/ 


NH, 


CiH,04.CsNf-0H 


/ 


H 


H 


Guanine-^ © Guanosine 


® 


OH 

C^4H-0H 

\ 
H   / 

Xanthine  •< — 


OH 

C,Hs04.CsH«— OH 

\ 
H 

Xanthosine 


/ 


.® 


CsH,04.cjsr4— NH2 
\ 

H 
Adenosine- 


H 
C5H,04.C6H4— OH 

\ 

Inosine 
\ 


@ 


\ 


\ 


/ 
CiN4H— NH2 

\ 
H 

^Adenine 


® 


\ 

H 

/ 
CjN4H— OH 

\ 
H 

Hypoxanthine 


OH 
C»N4n— OH 

\ 

OH 
Uric  acid 

(1)  Phospho-nuclease  (Ambcrg  and  Jones  (14)),  or  nucleotidase  (Levene  and 
Medigreceanu  (198)). 

(2)  Purine-nuclease  (Amberg  and  Jones  (14)). 

(3)  OuaiMM  (Jonei  and  Partridge  (136)). 

(4)  Ouanofine-deaminase  (Jones  (120)). 

•   (5)  Adenosino-dcatninnso  (Amborg  nnd  Jones  (14)). 

(6)  Adenaso  (Jones  and  Winternitz  (140)). 

(7)  Ouanotina  hydrolase  (Jones  and  Belt  (134)),   or  nucleosidase  (Levene 
and  Medigreoeanu  (108)). 

(8)  Ad«no«lna  hydrolase  (Amberg  and  Jones  (16)),  or  nucleosidase  (Levene 
and  Medigreoeanu  (198)). 

(0)  Xanthotine-hydrolase  (Jones  (129)). 

(10)  Inoaine-hydrolaae  (Amberg  and  Jones  (14)),  or  nucleosidase  (Levene 
and  Medigreoeanu  (108)). 

(11)  Xanthine  oxidase  (Spitier  (282),  Wiener  (320)). 

664 


PURINE   METABOLISM  565 

In  connection  with  the  enzymes  concerned  in  purine  metabolism, 
should  be  mentioned  the  interesting  discovery  of  recent  data  by  Jones 
(132),  (133),  of  a  thermostable  catalyst  (enzyme?)  in  extracts  of  pig's 
pancreas.  The  pancreas  of  the  pig  contains  a  variety  of  active  agents 
which  may  be  instrumental  in  the  hydrolysis  of  nucleic  acid.  Accord- 
ing to  Jones,  all  of  these  are  destroyed  by  boiling  except  one,  viz., 
the  one  which  acts  upon  the  nucleotide  bindings  of  yeast  nucleic  acid. 
When  brought  in  contact  with  yeast  nucleic  acid,  the  ferment  acts  quite 
rapidly  at  first,  more  slowly  afterwards,  but  causes  the  decomposition 
of  the  tetra-nucleotide  without  the  liberation  of  either  phosphoric 
acid  or  purines.  It  is  much  more  active  at  40°  than  at  20°,  and  ex- 
hibits about  the  same  activity  in  amphoteric,  faintly  alkaline,  or 
faintly  acid  reaction.  It  has  not  been  detected  in  extracts  of  any 
other  organ  or  tissue,  nor  does  it  decompose  thymus  nucleic  acid.  As 
stated  by  Jones  (133),  the  fact  that  the  spleen,  liver  and  other  tissues 
of  the  pig  do  not  contain  the  thermostable  agent,  and  yet  are  able  to 
disintegrate  poly-nucleotides,  indicates  that  either  there  are  two  fer- 
ments, one  of  which  is  thennolabile,  or  that  the  decomposition  of  nucleic 
acid  by  tissue  extracts  does  not  proceed  along  conventional  Hues. 

At  first  Jones  believed  that  the  heat-stable  enzyme  completely 
disintegrates  the  nucleic  acid  into  its  four  component  nucleotides.  More 
recently  Jones  and  Perkins  (137)  have  found  that  this  is  not  the  case. 
They  state  that  the  active  agent  acts  upon  nucleotide  linkages  only, 
but  that  it  does  not  split  the  nucleic  acid  into  mono-nucleotides,  since 
"the  end  product  contains  intermediate  substances  between  nucleic 
acid  and  mono-nucleotides."  The  rupture  produces  no  increase  n 
titratable  acidity,  in  contrast  to  the  effect  of  1  per  cent  sodium  hydrox- 
ide, which  at  room  temperature  also  decomposes  nucleic  acid,  but  with 
appreciable  increase  in  titratable  acidity  (Jones  and  Perkins  (138)). 
This  difference  in  behavior  of  nucleic  acid  under  the  influence  of  the  two 
agents,  thermostable  enzyme  and  1  per  cent  alkali,  indicates,  according 
to  Jones,  that  at  least  one  of  the  nucleotide  linkages  of  yeast  nucleic 
acid  is  through  the  carbohydrate  molecules,  and  has  led  him  to  suggest 
his  latest  formula  for  nucleic  acid,  which  is  given  above  (p.  550). 

It  is  impossible  at  the  present  time  to  offer  any  explanation  for  the 
presence  of  the  thermostable  agent.  Future  investigations  of  Jones 
along  this  line  will  be  followed  with  great  interest.  Catalyzers  resistant 
to  heat  have  not  often  been  reported  in  the  animal  body.  Hammett 
(102)  has  recently  found  in  muscle  tissue  a  thermostable  agent  capable 
of  transforming  creatine  into  creatinine,  an  observation  which  we  have 
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been  able  to  verify  in  this  laboratory  (264).  Perhaps  future  investi- 
gations will  indicate  that  such  catalj'sts  are  not  as  rare  as  our  present 
lack  of  knowledge  concerning  them  would  seem  to  indicate. 

b.  The  physiological  oxidation  of  uric  acid  (uricolysis) .  In  most 
mammals  the  uric  acid  arising  in  purine  catabolism  by  reactions  out- 
lined above  is  not  eliminated  as  such,  but  undergoes  further  oxidation, 
probably  with  the  production  of  allantoine. 


H— N— C=0  H— N— C=0 

0=0    C— NH  0=C 

I     Ij        ^=0  +  H20  +  0 >  I 

H— N— C— NH  H— N— CH— NH 

Allantoine 


HjN 

^C^O  +  CO2 


Evidence  of  the  occurrence  of  this  reaction  was  presented  by  Salkowski 
(266),  who  observed  the  elimination  of  allantoine  in  dogs  following  the 
administration  of  uric  acid.  Corroboration  of  his  findings  was  provided 
by  a  number  of  investigators,  notably  Cohn  (53),  Minkowski  (232), 
Mendel  and  Brown  (219),  Mendel  and  White  (225),  and  Wiechowski 
(325).  Underbill  and  Kleiner  (309)  first  showed  that  the  urine  of  fasting 
dogs  contains  allantoine,  thus  proving  that  it  is  not  derived  exclusively 
from  dietary  purines.  Furthermore,  extracts  of  tissues  have  been  shown 
to  possess  the  power  of  uric  acid  destruction  (cf.  Brunton  (47),  Wiener 
(329),  (330),  (332),  and  Wiechowski  (324)),  due  to  the  presence  of  an 
enzyme,  uricase,  located  chiefly  in  the  liver,  and  occasionally  in  the 
spleen  and  kidnej^s  of  lower  animals  (Wells  (317),  Battelli  and  Stern 
(25)).  By  means  of  perfusion  experiments,  Ackroyd  (0),  (8)  has  sliown 
that  the  surviving  liver  of  the  rabbit  quantitatively  transforms  uric 
acid  into  allantoine.  Allantoine  has  been  detected  also  in  the  blood 
of  lower  animals  (Hunter  (115));  and  is  the  end-product,  rather  than 
an  intcnncdiate  stage,  of  purine  metabolism  in  these  forms,  as  evidenced 
by  the  fact  that  it  undergoes  no  further  oxidation  when  administered 
preformed  (Ackroyd  (6),  Taylor  and  Adolph  (292)). 

In  man  uric  acid  is  believed  to  be  the  end-product  of  purine  metabo- 
lism. Minkowski  (232)  was  unable  to  detect  allantoine  in  human  urine, 
even  after  purine  administration.  More  recent  investigations  (Wie- 
chowski (326),  (327))  have  shown  that  small  amounts  of  this  substance 
(10  to  25  mgm.  per  day)  are  present  in  the  urine  of  man,  but  doubtless 
have  their  origin  in  preformed  allantoine  of  the  food  (Ackroyd  (7)).  As 
might  1x5  anticipated  from  these  facts,  attempts  to  demonstrate  the 
presence  of  uricase  in  human  tissues  have  been  unsuccessful  (Battelli 
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and  Stern  (25),  Miller  and  Jones  (229),  Wells  and  Corper  (321),  (322), 
Wiechowski  (326)).  From  the  evolutionary  point  of  view,  it  is  of 
interest  to  note  that  anthropoid  apes  also  neither  excrete  allantoine  nor 
contain  the  uricolytic  enzyme  in  their  tissues  (328),  (320).  Monkeys, 
on  the  other  hand,  are  provided  with  uricase  (317),  and  eliminate  allan- 
toine as  the  chief  product  of  their  purine  metabolism  (116),  (117). 
In  this  respect  monkeys  appear  to  be  more  closely  related  generically  to 
the  lower  animals  than  to  man  or  the  ape.  The  unique  position  occu- 
pied by  man  and  the  ape,  as  regards  purine  metabolism,  is  beautifully 

TABLE  2* 
The  "uricolytic  indexes"  of  mammals 


ORDEB  AND  SPECIES 


Marsupialia: 

Opossum 

Rodentia: 

Rat 

Mouse 

Guinea  pig 

Rabbit 

Carnivora : 

Raccoon 

Black  bear 

Badger 

Cat 

Coyote 

Dog 

Dingo  dog 

Dalmatian  coach  dog. 


79 

96 
98 

95 

95 
94 
98 
97 
97 
98 
96 
32 


ORDER  AND  SPECIES 


Ungulata : 
Cow 


Horse. 
Sheep. 
Goat. . 


Pig 

Proboscidea : 

Elephant 

Primates : 

Monkey 

Chimpanzee. 

Man 


93 
88 
80 
92 


72 


*  Table  taken  from  Hunter  and  Ward  (120). 

illustrated  in  table  2,  taken  from  Hunter  and  Ward  (120).  Hunter  and 
his  associates  (119),  (118),  (120)  have  determined  the  so-called  "uri- 
colytic index"  for  twenty-two  species  of  animals.  This  index  is  the 
ratio  of  the  output  of  allantoine  nitrogen  to  the  sum  of  the  output  of 
allantoine  and  uric  acid  nitrogen.  The  figures  indicate  that  while  the 
uricolytic  indexes  for  man  and  the  ape  are  practically  zero,  these  values 
for  other  mammals  range  from  32  to  98. 

Although  uricolysis  in  the  ordinary  meaning  of  the  term  has  not 
been  possible  of  demonstration  in  man,  and  as  pointed  out  by  Fine  (64) 
would  seem  to  be  contraindicated  by  the  presence  of  relatively  large 
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amounts  of  uric  acid  in  human  blood  and  tissues,  the  common  experience 
of  workers  in  this  field  is  that  administered  purines  are  not  quanti- 
tatively recovered  in  the  excreta,  either  as  uric  acid  or  as  unchanged 
purines  (cf.  Kikuchi  (144)).  This  fact  is  exemplified  in  a  carefully  con- 
trolled experiment  of  Taylor  and  Rose  (293).  The  subject  of  the  experi- 
ment, a  healthy  young  adult,  was  placed  upon  a  diet  of  exactly  10  grams 
of  nitrogen  and  2,000  calories  per  day.  During  the  first  three  days, 
milk,  eggs,  starch  and  sugar  were  the  sole  foods.  For  the  following 
three  days,  a  fraction  of  the  milk-egg  was  substituted  by  sweetbreads 
containing  the  same  amount  of  nitrogen.  During  the  next  four  days, 
this  substitution  was  doubled ;  and  during  the  last  four  days  the  subject 

TABLE  3* 
Thymus  feeding  and  uric  acid  excretion  in  man 

BIOD  III      PERIOD  IV 
4  DAYS 


Total  urinary  N 

Urea  N  +  Ammonia  N. 

Creatinine  N 

Total  purine  N 

Uric  acid  N 

Rest  N 


Nitrogen  input 

Purine  N  input 

Average  fecal  N  output. 


PEBIOD  I 

PERIOD  II 

PERIOD  III 

3  DATS 

3  DATS 

4  DATS 

8.90 

8.70 

9.10 

7.30 

7.10 

7.10 

0.58 

0.55 

0.56 

0.11 

0.17 

0.26 

0.09 

0.14 

0.24 

0.91 

0.88 

1.18 

10.0 

10.0 

10.0 

0 

0.17 

0.34 

0.5 

0.5 

0.5 

8.80 
7.05 
0.47 
0.10 
0.07 
1.18 


10.0 
0 
0.5 


♦  Table  taken  from  Taylor  and  Rose  (293). 

was  again  placed  upon  the  diet  of  the  first  period.  Thus  the  nitrogen 
input  of  the  tests  was  derived  as  follows: 

First  period:  milk-egg  nitrogen,  10  grams. 

Second  period:  milk-cgg  nitrogen,  7  grams;  sweetbread  nitrogen,  3 
grams. 

Third  period:  niilk-egg  nitrogen,  4  grams;  sweetbread  nitrogen,  6 
grams. 

Fourth  period:  inilk-cgg  nitrogen,  10  grams. 

Table  3  presents  the  results  of  the  oxporiment  in  t(M-ms  of  nitrogiMi 
daily.  Judging  by  the  regularity  in  output  of  fecal  nitrogen,  the 
digestion  and  absorption  of  the  swcetbn^ads  was  normal  and  complete. 
Tests  of  the  feces  for  purines  never  showed  i\w.  presence  of  nion*  than 
minute  traces.    The  possibility  of  bacterial  decomposition  of  i)urines 
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with  the  production  of  ammonia,  as  suggested  by  Thannhauser  and 
Dorfmiiller  (299),  is  not  excluded,  but  if  such  a  disintegration  occurred 
to  an  appreciable  extent  in  our  experiment,  it  is  surprising  that  the 
urinary  urea-ammonia  output  was  not  increased.  It  is  clear  that  the 
increments  in  urinary  purine  nitrogen  represent  less  than  half  of  the 
known  input.  The  data  raise  the  important  question  as  to  whether  uric 
acid  may  not  be  oxidized  in  the  human  organism  without  the  production 
of  allantoine.  Certainly  the  possibility  of  such  an  occurrence  has 
not  been  excluded. 

In  regard  to  uricolysis,  the  investigations  of  Ascoli  and  his  associates 
(18),  (19),  (38),  (123),  (125),  (254)  require  brief  consideration.  These 
investigators  report  that  incubated  liver  tissue  of  animals  destroys  uric 
acid  with  the  production  of  dialuric  acid  and  urea;  and  in  an  atmosphere 
of  carbon  dioxide  reforms  uric  acid  from  the  disintegration  products. 
The  reversible  reaction  involved  is  represented  as  follows: 


H— N— C=0  H— N— C=0 


O^C    C— NH  .      OrrO    C<^  H^Nv 


H— N— C— NH  H— N— C=0 

Dialuric  acid 

They  believe  that  the  active  agents  responsible  for  uric  acid  formation 
are  a  thermostable  body  in  the  tissues,  and  a  thermolabile  enzyme  in 
the  blood,  both  of  which  are  said  to  be  necessary  for  the  synthesis 
(124).  These  observations  are  difficult  to  correlate  with  the  known 
facts  of  purine  metabolism.  If  true,  they  serve  to  complicate  the  situ- 
ation as  regards  allantoine,  for  according  to  the  Italian  investigators, 
this  substance,  in  contrast  to  dialuric  acid,  is  neither  formed  from  nor 
transformed  into  uric  acid  under  the  conditions  of  their  experiments. 
Recently  Spiers  (281)  has  denied  Ascoli's  results  in  toto.  It  must  be 
admitted,  however,  that  in  studies  of  this  sort  positive  findings  are  of 
much  greater  value  than  are  negative  results.  The  entire  question 
should  be  reinvestigated. 

An  interesting  racial  anomaly  of  purine  metabolism  was  discovered 
by  Benedict  (32)  in  the  case  of  the  Dalmatian  dog.  In  contrast  to 
other  dogs,  the  Dalmatian,  upon  a  purine-free  diet,  excretes  almost 
as  much  uric  acid  per  day  as  does  a  man  upon  a  similar  regime.  Bene- 
dict has  shown  that  uric  acid  injected  subcutaneously  is  quantitatively 
excreted  as  such  in  the  urine.     Wells  (319)  and  Givens  (quoted  by 
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Wells)  have  confirmed  Benedict's  findings,  and  the  former  has  made  a 
study  of  the  purine  enzymes  in  the  Dahnatian  hound.  He  finds  that 
uricase  is  present  in  the  liver,  indicating  that  the  excretion  of  uric  acid 
is  not  due  to  the  absence  of  the  uricolytic  ferment.  Watanabe  (314) 
also  has  reported  anah^ses  upon  two  such  dogs.  He  found  uric  acid 
in  the  urine,  but  in  much  smaller  quantities  than  observed  by  other 
investigators.  Possibly  his  dogs  were  not  of  pure  Dalmatian  breed. 
Onslow  (248)  has  recently  shown  that  hybrids  resulting  from  the  cross 
of  a  Dalmatian  with  another  breed  of  dog  excrete  uric  acid  and  allan- 
toine  in  the  same  proportions  as  ordinary  dogs.  According  to  this 
author,  the  greater  power  of  destruction  of  uric  acid  is  a  dominant  heredi- 
tary character.  Benedict's  discovery  of  the  metabolic  peculiarities 
of  the  Dalmatian  is  not  only  of  scientific  interest,  but  is  also  of  extra- 
ordinary practical  importance  in  that  it  provides  an  experimental  animal 
whose  purine  metabolism  is  similar  to  that  of  man.  Reference  will  be 
made  in  another  connection  to  Benedict's  studies  upon  the  Dalmatian, 
c.  The  fate  of  exogenous  purines.  The  literature  concerning  the 
fate  of  ingested  purines  and  nucleic  acid  contains  a  great  many  con- 
tradictions. The  differences  of  opinion  expressed  by  early  investi- 
gators are  doubtless  to  be  accounted  for  by  the  inadequate  methods  of 
analysis  employed  in  the  separation  and  identification  of  the  purines, 
by  the  use  of  different  species  of  animals  with  variable  enzyme  equip- 
ment, and  by  the  failure  to  appreciate  the  relationship  of  allantoine 
to  purine  metabolism.  Thus  Stadthagen  (283)  and  Gumlich  (98)  ob- 
served no  increase  in  the  output  of  uric  acid  in  dogs  following  the  feeding 
of  yeast  nucleic  acid.  The  former  sought  for  allantoine  in  the  urine, 
but  failed  to  detect  the  slightest  trace,  while  apparently  the  latter 
did  not  consider  allantoine  fonnation  as  a  possibility,  despite  the 
fact  that  this  substance  had  been  known  as  an  ingredient  of  urine  since 
the  days  of  Wohler  (335).  Later  investigations,  as  will  bo  scon  below, 
have  shown  that  in  most  mammals  uric  acid  excretion  is  somewhat  in- 
creased, and  allantoine  excretion  greatly  increased  by  nucleic  acid 
fecdiDg,  but  it  is  not  sun^rising  that  the  small  increments  in  the  former 
should  have  Been  overlooked  in  many  experiments  on  account  of  the 
ina<Tura<'iefl  of  ihc  analytic  methods.  Novorth(»losH,  incroasos  in  uric 
acid  elimination  following  i\w  feeding  of  nucleic  acids,  or  foods  con- 
taining them,  were  obscrvod  in  man  by  llichter  (258),  KUhnau  (172), 
Weintrnud  (315).  Umlx-r  (300),  Hess  and  Schmoll  (lOO).  Weiss  (310), 
Jeronu'  CTiO).  limiiiii  iiiid  S<'lmr  ('51),  I^oewi  (207),  iMctidcl,  Uiulorhill 
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and  White  (224),  and  others.  Recently  Thannhauser  and  Schaber 
(302)  have  reported  that  following  the  injection  of  1  mgm.  doses  of  adeno- 
sine and  guanosine  in  man,  recoveries  of  the  purines  in  the  form  of  uric 
acid  varied  in  four  of  the  five  subjects  between  88.8  and  119.9  per  cent. 
The  fifth  subject,  an  individual  from  a  gouty  family,  though  he  himself 
■  had  no  clinical  symptoms  of  the  disease,  excreted  in  two  experiments 
extra  uric  acid  to  the  extent  of  only  47.3  and  61.3  per  cent  of  the  admin- 
istered purine.  Comparable  recoveries  of  injected  nucleosides  had 
previously  been  obtained  in  man  by  Thannhauser  and  Bommes  (296). 
Less  pronounced  increases  in  uric  acid  following  nucleic  acid  feeding 
were  observed  in  animals  by  several  investigators,  notably  Cohn  (53) 
and  Mendel  and  Brown  (219),  who  were  also  able  to  demonstrate  marked 
increases  in  the  output  of  allantoine.  Burian  and  Schur  (51)  first 
emphasized  the  fact  that  urinary  uric  acid  is  derived  partly  from  body 
cells  and  partly  from  the  diet,  and  named  these  two  fractions  "endog- 
enous" and  "exogenous"  uric  acid  respectively. 

In  regard  to  the  fate  of  free  purines  in  the  diet,  pioneer  investigations 
yielded  results  even  more  chaotic  than  in  the  case  of  nucleic  acids. 
Administration  of  guanine  or  xanthine  to  rabbits  and  dogs  was  said  to 
be  without  effect  upon  uric  acid  excretion  by  Kerner  (143),  Nencki  and 
Sieber  (241),  Baginski  (22),  and  Kriiger  and  Salomon  (167).  Even 
Burian  and  Schur  (51),  despite  their  important  observations  concern- 
ing the  effect  of  exogenous  nucleic  acids,  failed  to  detect  an  increase  in 
uric  acid  output  following  guanine  feeding  in  man.  Hall  (100)  was 
inclined  to  believe  that  the  negative  results  were  due  to  the  relative 
insolubility  of  the  purines  employed,  which  limited  their  absorption. 
That  this  point  was  well  taken  is  indicated  by  the  subsequent  observa- 
tions of  Schittenhelm  and  Bendix  (270).  These  authors  obtained 
increases  in  the  output  of  uric  acid  following  the  parenteral  administra- 
tion of  guanine  in  rabbits.  Nevertheless,  the  idea  became  more  or  less 
current  that  free  purines,  if  catabolized  at  all,  are  not  transfonned  to  the 
same  end-products  as  are  combined  purines  (nucleic  acids).  On  the 
contrary,  Minkowski  (231)  and  v.  Mach  (212)  proved  that  the  subcuta- 
neous atlministration  of  hypoxanthine  in  geese  causes  a  marked  increase 
in  urinary  uric  acid.  Their  experiments  are  of  particular  interest 
in  that  they  constitute  the  first  demonstration  of  the  ability  of  the  ani- 
mal organism  to  transfonn  a  free  oxy-purine  into  uric  acid.  In  later 
investigations  Minkowski  (232)  showed  that  in  dogs  and  men,  as  well 
as  in  birds,  hypoxanthine  is  a  precursor  of  uric  acid.     Horbaczewski 
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(111),  (112)  obtained  similar  results  with  hypoxanthine  and  xanthine. 
Unfortunately  he  erred  in  believing  that  the  leucocytes  are  the  sole 
source  of  urinary  uric  acid,  and  that  the  effect  of  the  hypoxanthine  or 
xanthine  administration  was  an  indirect  one  in  that  purines  were  sup- 
posed by  him  to  occasion  a  leucocytosis. 

Confirmatory  evidence  that  exogenous  purines,  whether  free  or 
combined,  are  transformed  into  uric  acid  (or  allantoine)  was  provided 
by  Kruger  and  Schmid  (171),  Mendel,  Underbill  and  White  (224),  and 
Mendel  and  Ljinan  (222).  Mendel,  Underbill  and  White  showed  that 
the  adenine  and  guanine  of  nucleic  acid  are  deaminized  and  oxidized  to 
uric  acid  even  when  the  nucleic  acid  is  administered  per  rectum.  Men- 
del and  Lyman  found  that  the  oral  administration  of  purines  in  man  led 
to  increases  in  the  output  of  uric  acid  amounting  to  about  60  per  cent 
of  the  hypoxanthine,  50  per  cent  of  the  xanthine,  25  per  cent  of  the 
guanine,  and  34  per  cent  of  the  adenine.  The  adenine  experiments  of 
Mendel  and  Lyman  are  of  particular  interest  in  view  of  the  supposed 
absence  of  adenase  in  the  tissues  of  man.  Inspection  of  their  data 
affords  no  opportunity  of  explaining  the  increases  in  uric  acid  output 
on  the  basis  of  a  toxicity  leading  to  an  exaggerated  endogenous  nuclear 
catabolism.  The  increases  in  nitrogen  elimination  following  adenine 
administration  are  no  greater  than  may  be  accounted  for  by  the  nitrogen 
present  in  the  purine  itself.  Nephritic  symptoms,  accompanied  by  the 
formation  of  6-amino-2-8-dioxy-purine  and  its  deposition  in  the  kidneys, 
have  been  reported  in  animals  following  adenine  administration  (cf. 
Minkowski  (232),  Nicolaier  (247),  Ebstein  and  Bendix  (Gl)).  No 
abnormal  effects  were  observed  in  Mendel  and  Lyman's  experiments 
upon  men,  but  occasionally  albuminuria  was  detected  in  some  of  their 
animal  investigations.  It  may  be  possible  for  the  organism,  in  the 
absence  of  adenase,  to  catabolize  adenine  to  uric  acid  by  oxidation  in 
poeitions  2  and  8  followed  by  hydrolytic  dcamination,  instead  of  by 
direct  dcamination  of  the  purine  with  the  production  of  hypoxanthine. 

In  an  interesting  paper  concerning  the  fate  of  free  purines  in  the 
organism  of  the  monkey.  Hunter  and  Givens  (117)  have  shown  tiuit  the 
subcutancouH  administration  of  adenine,  guanine,  hypoxanthine,  or 
xanthine,  a«  well  a.s  of  sodium  inicleatc,  leads  in  each  case  to  slight 
JncroaHes  in  the  output  of  uric  acid  and  free  purines,  and  to  a  marked 
increaflo  in  the  elimination  of  allantoine.  Recoveries  of  the  injected 
purines  varied  from  69  to  105  per  cent.  The  significiint  data  an;  repro- 
duced below  in  tabic  4.     The  figures  in  the  lust    colunui   represent 
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approximations  only.  In  the  case  of  guanine,  adenine,  and  sodium 
nucleate,  account  is  taken  of  the  fact  that  uric  acid  and  allantoine 
contain  but  four-fifths  of  the  original  amino-purine  nitrogen;  and  of 
the  two  alternatives  offered  in  the  table  for  the  percentage  recovery, 
the  lower  figures  rest  upon  the  assumption  that  the  extra  bases  are 
amino-purines,  while  the  higher  assume  the  presence  of  oxy-purines. 
The  data  clearly  show  that  in  the  monkey  free  purines  of  the  diet  are 
catabolized,  at  least  in  part,  just  as  are  combined  purines  of  nucleic 
acids. 

TABLE  4* 

Catabolism  of  exogenous  purines  in  the  monkey 


80 
110 

89 
100 

97 

85 
107 


SUBSTANCE 


Uric  acid 

Uric  acid 

Guanine 

Xanthine 

Adenine 

Hypoxanthine. .. 
Sodium  nucleate 


PURINE 

BBCOVERED 

N 

ADMINIS- 
TERED 

Milligrams  nitrogen 

Allan- 
toine 

Uric 
acid 

Bases 

ToUl 

wt.vm. 

36 

8 

14 

22 

49 

12 

23 

35 

71 

38 

2 

20 

60 

56 

35 

2 

17 

54 

64 

15 

3 

21 

39 

50 

28 

3 

9 

40 

90 

38 

3 

26 

69 

Per  cent 

of 
theory 


61 

71 
99-105 

97 
69-76 

80 
88-96 


*  Table  taken  from  Hunter  and  Givens  (117). 

The  investigations  of  both  Mendel  and  Lyman  and  Hunter  and  Givens 
serve  in  the  main  to  emphasize  the  probability  that  both  endogenous  and 
exogenous  purines  are  catabolized  through  the  same  intermediary  stages, 
with  the  production  of  identical  end-products.  The  source  of  the 
purines,  whether  in  cellular  catabolism  or  in  absorption  from  the  ali- 
mentary tract,  would  seem  to  play  no  part  in  determining  how  oxidation 
shall  occur.  However,  certain  experiments  reported  in  the  literature 
are  difficult  to  interpret  on  the  basis  of  a  single  catabolic  path  for 
endogenous  and  exogenous  purines.  Indeed,  Hunter  and  Givens' 
experiments  with  uric  acid  are  of  interest  in  this  regard.  As  will  be 
observed  in  table  4,  the  injection  of  uric  acid  in  the  monkey  led  to  a 
comparatively  small  increase  in  the  output  of  allantoine,  but  to  a  very 
decided  increase  in  uric  acid  excretion.  In  both  of  the  experiments- 
recorded,  about  40  per  cent  of  the  uric  acid  reappeared  unchanged  in  the 
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urine.  From  the  high  uricolytic  index  of  the  monkey,  and  from  the 
behavior  of  the  purines  other  than  uric  acid,  one  would  have  expected 
a  larger  proportion  of  the  latter  to  have  been  oxidized  to  allantoine. 
The  authors  suggest  that  the  high  output  of  unaltered  uric  acid  may  be 
related  to  the  fact  that  in  the  monkej^  uricase  is  confined  to  one  organ, 
namely,  the  hver  (cf.  Wells  (317)).     They  believe  that  parenterally 

TABLE  5* 
Thymus  feeding  and  uric  acid  injection  in  the  Dalmatian  dog 


totalN 

NH»N 

UBIC  ACID 

N 

AU.AN- 
TOINB  N 

INCREASE 
IN  UBIC 

acidN 

incbease 

IN 

allan- 
toine N 

BBMABKS 

i;m». 

gm*. 

oms. 

gnu. 

oms. 

oms. 

4.37 

3.86 

0.120 

0.050 

Normal  diet 

4.54 

4.03 

0.125 

0.050 

4.82 

4.36 

0.127 

0.050 

«.48 

5.87 

0.177 

0.210 

Same  diet  +  100  gms. 

«.86 

6.15 

0.197 

0.210 

\  0.223 

0.480 

thymus  daily  =  0.32 

7.30 

6.58 

0.200 

0.210 

J 

gms.  purine  N 

5.75 

5.27 

0.129 

0.058 

Normal  diet 

5.54 

5.08 

0.132 

0.058 

6.27 

4.84 

0.137 

0.058 

5.18 

4.50 

0.290 

0.115 

Same  diet  +  500  mgm. 

5.13 

4.47 

0.299 

0.142 

of    uric    acid    subcu- 

5.00 

4.30 

0.305 

0.133 

tancously 

5.02 

4.54 

0.124 

0.066 

*  Table  taken  from  Benedict  (32). 

introduced  uric  acid  may  escape  contact  with  the  enz>Tnc  before  elim- 
ination ha«  occurred.  On  the  contrary,  if  this  bo  true  it  is  exceedingly 
difficult  to  understand  why  uric  acid  formed  from  injected  purine  bases 
does  not  likewise  escape  oxidation. 

Anotlicr  observation  of  interest  in  this  connection  is  that  of  Benedict 
(32)  upon  the  purine  nH'tubolism  of  the  Dalmatian  coach  hoimd.  This 
author  compared  the  efToct  of  thymus  feeding  and  uric  acid  injection 
Ufwn  urine  oompoflition.  Ah  will  be  seen  in  tabhf  5  taken  from  Bene- 
dict's article,  thymus  feeding  cauwMJ  a  much  larger  increase  in  the 
output  of  a!lant^)ine  than  of  uric  acid.    On  the  purine-frre  diet  the 
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uric  acid  nitrogen  was  more  than  double  that  of  the  allantoine,  while 
after  the  thymus  ingestion  the  increase  in  uric  acid  nitrogen  was  only 
about  one-half  the  increase  to  be  found  in  the  allantoine  nitrogen. 
These  data,  as  pointed  out  by  Benedict,  may  perhaps  be  interpreted  as 
indicating  different  paths  of  catabolism  of  endogenous  and  exogenous 
purines.  Furthermore,  the  subcutaneous  administration  of  uric  acid 
in  Benedict's  experiment  was  followed  by  a  marked  increase  in  the  allan- 
toine output,  despite  the  fact  that  the  uric  acid  was  quantitatively 
recovered  as  such  in  the  urine.  Evidently  the  uric  acid  administration 
induced  an  increased  allantoine  excretion.  On  the  basis  of  these  results 
Benedict  states  that  "it  seems  probable  that  uric  acid  and  allantoine 
are  interrelated  in  metabolism  in  other  ways  than  have  been  heretofore 
assumed."  Results  somewhat  analogous  to  those  of  Benedict  had  been 
obtained  previously  in  a  different  species  of  animal  by  Ackroyd  (9). 
This  investigator  found  a  rise  in  the  output  of  allantoine  in  the  rat 
following  the  injection  of  hypoxanthine,  although  llohde  and  Jones  (260) 
were  unable  to  detect  xanthine  oxidase  in  the  total  mixed  tissues  of 
the  rat.  Jones  (130)  remarks  that  "it  is  conceivable  that  hypoxanthine 
can  'induce'  allantoine  in  the  organism  of  the  rat"  in  a  manner  analo- 
gous to  the  effect  of  uric  acid  upon  allantoine  elimination  in  the  Dal- 
matian dog.  The  situation  regarding  purine  metabolism  in  the  rat 
is  further  complicated  by  the  fact  that  the  urine  of  this  animal  habit- 
ually contains  rather  large  quantities  of  uric  acid  (cf.  Folin  and  Morris 
(86)).  To  account  for  the  presence  of  the  latter,  one  must  assume  its 
formation  by  means  of  reactions  which  do  not  involve  xanthine  oxidase. 

Finally  must  be  mentioned  the  work  of  Hirokawa  (108),  who  showed 
that  the  feeding  of  thymus  tissue  to  dogs  is  followed  by  an  excretion  of 
allantoine  which  is  almost  quantitative,  while  the  increase  in  uric  acid 
is  very  small.  If,  however,  the  high  purine  ration  is  continued  for 
several  weeks,  there  results  a  gradual  decrease  in  allantoine,  accom- 
panied by  a  tenfold  increase  in  uric  acid. 

The  work  of  Benedict,  Ackroyd  and  Hirokawa  serves  to  emphasize 
the  unsatisfactory  state  of  our  knowledge  of  purine  metabolism,  and 
to  point  to  the  necessity  of  further  investigations  before  answers 
will  be  found  to  the  many  questions  connection  with  the  catabolic  fate 
of  free  and  combined,  endogenous  and  exogenous  purines. 

d.  The  excretion  of  uric  acid  and  purines.  The  uric  acid  arising 
in  the  catabolism  of  endogenous  and  exogenous  purines  is  in  man  excreted 
in  the  urine  chiefly  as  mono-urates.     The  total  output  per  day  depends. 
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upon  the  quantity  of  purines  or  purine-containing  foods  ingested  in  the 
diet.  On  a  purine-free  ration  it  usualh^  amounts  to  0.30  to  0.50  grams 
per  diem  (cf.  Folin  (77)),  but  is  subject  to  fairly  wide  variations  in  differ- 
ent individuals.  Indeed,  in  the  same  individual  the  endogenous  uric 
acid  elimination  is  not  as  constant  from  daj'-  to  day  as  was  once  believed. 
The  quantity  and  kind  of  purine-free  food  play  an  important  part  in 
determining  the  output.     This  will  be  discussed  in  another  connection. 

Excretion  is  less  during  the  night  than  during  the  day  (259),  (174), 
(52).  Determinations  of  the  hourly  elimination  show  that  the  maximum 
output  is  reached  in  the  fore-noon,  and  is  followed  by  a  gradual  decline 
until  the  very  early  morning,  when  an  increase  to  the  maximum  again 
occurs  (244),  (52). 

Diseases  in  which  there  is  an  exaggerated  nuclear  catabolism  also 
usually  lead  to  more  or  less  marked  increases  in  the  excretion  of  endog- 
enous uric  acid.  Two  illustrative  conditions  of  this  sort  are  leucemia 
(142),  (272),  and  pneumonia  (142). 

At  various  times  in  the  past  muscular  activity  has  been  said  to 
increase  the  output  of  endogenous  uric  acid  (cf.  Burian  48)).  This 
idea,  which  had  been  practically  abandoned,  has  been  revived  in  recent 
years  by  Raiziss,  Dubin  and  Ringer  (256),  and  Kikuchi  (145).  Rake- 
straw  (257)  reports  slight  increases  in  the  uric  acid  of  the  blood  following 
exercise.  Probably  the  balance  of  evidence,  however,  is  against  the 
view  that  moderate  exertion  influences  purine  metabolism.  Unques- 
tionably, work  of  a  very  strenuous  or  unaccustomed  nature  may  in- 
crease uric  acid  elimination. 

In  addition  to  uric  acid,  human  urine  contains  small  quantities 
of  other  purines,  the  total  amount  approximating  15  to  45  nigm.  per 
day  (Flatow  and  Rcitzenstein  (76)).  We  are  indebted  to  Kriiger  and 
Salomon  (168),  (169)  for  our  knowledge  of  these  purines.  From 
10,(K)0  liters  of  urine  these  investigators  prepared  94.49  grams  of  purine 
bases  having  the  following  composition: 

1-7-Dimethyl  xanthine 15.310  grams 

l-Methyl-xunthine —                                        31.285  grams 

7-Mcthyl-xunthtnf. .                                             22.345  grams 

7-Mcthyl-guuninc                                          3.400  grams 

Adenine 3.540  grams 

Hypoxnnthinp                                                     8.600  grams 

Xnnthino                                                           10.110  grams 


04 .  400  grams 
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As  will  be  observed,  more  than  two-thirds  of  the  total  bases  were 
methyl-xanthines,  which  do  not  occur  as  ingredients  of  nucleic  acids. 
Evidently  they  have  their  origin  in  the  three  methyl-purines  of  bever- 
ages, namely,  caffein  of  coffee,  theobromine  of  cocoa,  and  theophylline 
of  tea.  These  substances,  which  are  respectively  1-3-7-trimethyl- 
xanthine.  3-7-dimethyl-xanthine,  and  1-3-dimethyl-xanthine,  undergo 
partial  demethylation  in  the  body  with  the  production  of  mono-  and 
di-methyl-purines  (cf.  Albanese  (11),  (12),  Bondzynski  and  Gottlieb 
(44),  (45)).  Apparently  in  man  as  in  the  rabbit  (166),  the  methyl 
group  in  position  3  is  most  readily  removed,  and  that  in  position  7  is 
most  difficult  to  remove.  The  methyl  group  in  position  1  is  intermedi- 
ate in  stability.  Demethylation  of  caffein,  theobromine,  the  theophyl- 
line in  position  3,  respectively,  doubtless  accounts  for  the  methyl-purines 
of  the  urine.  In  the  dog  the  conditions  are  the  reverse  of  those  which 
pertain  in  man  and  the  rabbit.  In  this  species  (165)  demethylation  is 
most  readily  accomplished  in  position  7,  and  next  in  the  case  of  posi- 
tion 1.  The  methyl  group  in  position  3  is  most  resistant.  Methyl-pu- 
rines other  than  the  three  which  occur  naturally,  and  even  dioxy-purines 
other  than  xanthine,  may  undergo  no  change  whatever  in  passage 
through  the  organism  (94) ,  This  fact  emphasizes  the  observation  made 
above,  that  purine  enzymes  are  remarkably  specific  in  their  action. 

Numerous  attempts  have  been  made  in  the  past  to  show  an  increase 
in  uric  acid  elimination  in  man  and  animals  following  the  administra- 
tion of  methyl-purines.  Most  of  these  experiments  have  yielded  nega- 
tive results  (232),  (50),  (170),  (273).  Taylor  (290)  observed  increases  in 
uric  acid  following  caffein  ingestion.  Recently,  Benedict  (32)  obtained 
a  distinct  rise  in  uric  acid  excretion,  both  in  man  and  the  Dalma- 
tian dog,  following  the  administration  of  caffein.  It  appears  that  in  the 
case  of  this  methjd-purine  at  least,  a  small  part  is  completely  demethy- 
lated  and  oxidized  to  uric  acid,  and  that  the  remainder  is  excreted  as  the 
mono-  and  di-methyl-xanthines.  Perhaps  the  most  interesting  feature 
of  Benedict's  caffein  investigation  was  the  tendency  to  nitrogen  retention 
observed  in  both  the  human  and  dog  experiments.  Even  comparatively 
small  doses  led  to  distinct  falls  in  nitrogen  output.  Obviously,  there  is 
a  twofold  reason  why  methyl-purines  should  be  excluded  from  the  diet 
of  gouty  individuals. 

As  regards  the  amino-  and  oxy-purines  of  human  urine,  the  analysis 
of  Kriiger  and  Salomon  shows  the  absence  of  guanine,  the  presence  of 
relatively  large  amounts  of  xanthine  and  hypoxanthine,  and  of  smaller 
amounts  of  adenine.  Probably  the  presence  or  absence  of  a  purine  in 
the  urine  mav  be  correlated  with  the  occurrence  and  distribution  of 


578  WILLIAM   C.    ROSE 

purine  enzjTnes  in  the  tissues.  Guanase  is  known  to  be  widely  distrib- 
uted in  human  organs,  adenase  is  supposedly  absent,  and  xanthine 
oxidase  is  present  in  the  liver  only.  These  conditions  should  favor  the 
presence  of  traces  of  adenine,  hypoxanthine,  and  xanthine  in  the  urine 
of  man. 

Identification  of  urinary  purines  other  than  uric  acid  also  has 
been  made  in  the  monkey,  Cercopithecus  callitrichus,  by  Hunter  (114), 
and  in  the  pig  by  Schittenhelm  and  Bendix  (271)  and  Schittenhelm 
(269).  In  these  species,  as  in  man,  oxy-purines  preponderate  over 
amino-purines.  Hypoxanthine  exceeds  xanthine  in  the  urine  of  the  pig, 
while  xanthine  exceeds  hypoxanthine  in  the  urine  of  the  monkey. 

e.  Purine  catabolism  in  birds  and  reptiles.  A  peculiarity  of  purine 
catabolism  not  observed  in  mammals  is  manifested  b}'  birds  and  rep- 
tiles. In  1877  von  Knieriem  (149)  showed  that  the  feeding  of  various 
amino-acids  to  hens  resulted  in  increased  uric  acid  excretion.  Similar 
effects  were  soon  found  by  Schroder  (275)  to  follow  the  administration 
of  ammonium  salts.  Meyer  (226)  showed  that  urea  also  can  serve  as  a 
precursor  of  uric  acid. 

Through  the  investigations  of  Minkowski  (231)  and  von  Mach  (212) 
evidence  was  presented  indicating  that  urinary  uric  acid  in  birds  has  two 
distinct  origins:  a,  the  catabolism  of  purines  as  in  other  animal  forms, 
and  6,  synthesis.  According  to  these  investigators,  most  of  the  uric  acid 
disappears  from  the  urine  of  geese,  and  is  replaced  by  lactic  acid  and 
urea,  following  extirpation  of  the  liver.  Small  amounts  of  uric  acid 
continue  to  be  excreted,  and  represent  the  true  purine  catabolism  of  the 
bird.  On  the  other  hand,  in  this  species,  the  larger  part  of  the  uric;  acid 
normally  eliminated  is  an  end-product  of  protein  metabolism.  The 
appearance  of  lactic  acid  and  urea  in  lieu  of  uric  acid  points  to  the  former 
as  precursors  of  the  latter.  Urea  appears  to  be  formed  from  amino- 
acids  as  in  other  animals,  but  instead  of  being  excreted  as  such,  is  trans- 
formed into  uric  acid.  Complete  confirmation  of  this  conception  is 
provi«lod  by  the  investigations  of  Kowiilowski  and  Siilaskin  (l()-i), 
who  found  that  perfusion  of  the  livers  of  birds  with  solutions  of  ammon- 
ium lactate  or  amino-acids  results  in  uric  acid  synthesis.  One  is 
reminded  in  this  coinuiction  of  Ilorbaczcnv.ski's  (110)  in  vitro  synthesis 
of  uric  acid  by  heating  a  mixture  of  urea  and  /iJ-trichlorlactamid. 

NH,    H,NCO  HN-C=0 

0«C    +     HCOH  +    *   ^30  -  0=C    C-NH 

iIh.      Clici       "'^  I      II       >C-0-hNIhCl +  21101  +  11.0 

HN-C-NH 
/f-Triehtor- 
lactatntcJ 
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But  according  to  Wiener  (331),  the  avian  liver  oxidizes  lactic  acid  to 
tartronic  acid,  and  condenses  the  latter  with  urea  as  indicated  in  the 
equations  below : 

HNH        HOC^O  HN— C^O 

0=C       +         CHOH    =    0=^     CHOH  +  2H2O 


f— c==o 


HNH        HOCr^O  HN- 

Dialuric  acid 


HN— C=^0  HN— C=0 

0=C    CHOH  +     '^  \:=0    =    O^C    C— NH 

Ni4=0         "■''  I      II        >=0  +  2H.O 

HN— C— NH 


Certainly  this  method  of  uric  acid  formation  does  not  occur  exten- 
sively in  mammals.  On  the  other  hand,  the  possibility  of  traces  of 
purines  arising  in  this  fashion  has  not  been  excluded. 

6.  The  uric  acid  op  the  blood.  Most  of  the  modern  investigations 
of  purine  metabolism  have  been  directed  toward  determining  the  changes 
in  the  uric  acid  content  of  blood  in  normal  and  pathological  conditions. 
Until  the  past  decade  our  knowledge  of  blood  uric  acid  was  limited  prac- 
tically to  the  data  of  Garrod.  Between  1848  and  1858,  Garrod  (90) 
published  several  interesting  communications  in  which  he  described  the 
isolation  of  uric  acid  from  the  blood,  first  accomplished  by  him,  and 
pointed  out  that  while  normal  blood  contains  only  traces  of  uric  acid, 
the  blood  of  gouty  or  nephritic  individuals  shows  the  presence  of  several 
milligrams  per  100  cc.  He  proved  that  contrary  to  the  current  belief  at 
that  time,  no  increase  in  blood  uric  acid  occurs  in  rheumatism.  Follow- 
ing the  work  of  Garrod,  almost  no  progress  was  made  along  this  line 
until  1913,  when  Folin  and  Denis  (80)  devised  their  colorimetric  method 
for  uric  acid  estimation.  This  method,  and  the  several  improved 
procedures  of  Folin  (82),  (87),  (88),  (79),  Benedict  (36),  (30),  (33), 
(35),  (34),  and  others  (239),  (234),  applicable  to  both  blood  and  urine, 
have  been  the  means  of  greatly  increasing  our  knowledge  of  purine 
metabolism.  Folin  and  Denis  (81)  found  the  normal  uric  acid  content 
of  human  blood  to  vary  between  0.7  and  3.7  mgm.,  with  an  average  not 
far  from  2  mgm.  per  100  cc.  These  values  have  been  verified  over  and 
over  again  by  other  investigators.  Thus  McLester  (217)  reports  values 
of  0.5  to  2.9  mgm.  per  100  cc.  of  blood  in  15  normal  persons  on  purine- 
free  diets,  and  Gettler  and  Baker  (91)  obtained  values  of  1  to  3.5  mgm. 
per  100  cc.  in  30  normal  individuals.     The  average  normal  concentration 
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is  undoubtedly  close  to  2  mgni.  per  100  cc.  of  blood,  but  values  as  low  as 
0.7  and  as  high  as  3.5  occasionally  occur  in  perfectly  healthy  individuals. 
The  ingestion  of  purine-containing  foods  is  usually  without  effect  upon 
blood  uric  acid  in  normal  indi\aduals,  but  occasions  more  or  less  marked 
increases  in  persons  with  renal  insufficiency  (57).  On  the  contrary, 
the  ingestion  of  excessive  amounts  of  yeast  is  said  to  cause  a  rise  in  blood 
uric  acid  even  in  normal  subjects  (89).  In  infants  during  the  first  few 
daj's  of  life,  while  uric  acid  excretion  is  unusually  large,  the  concentration 
in  the  blood  is  likewise  high,  generally  varying  between  3  and  5  mgm. 
per  100  cc.  (148).  It  is  present  in  fetal  blood  in  amounts  equivalent  to 
that  of  the  mother  (277),  and  occurs  in  small  quantities  in  the  spinal  and 
other  body  fluids  of  adults  (64),  (238). 

In  most  vertebrates  other  than  man  the  blood  uric  acid  is  exceedingly 
small.  Folin  and  Denis  (81)  report  values  of  0.05  to  0.2  mgm.  per  100 
cc.  in  the  rabbit,  sheep,  pig,  horse,  monkey,  ox  and  cat.  Birds,  in  whom 
uric  acid  is  the  end-product  of  protein  metaboUsm,  are  exceptions  to  the 
rule  of  low  blood  uric  acid.  The  chicken,  duck  and  goose  normally 
have  about  4.8  mgm.  per  100  cc.  (81),  (31).  In  the  blood  of  fishes  uric 
acid  also  occurs  in  rather  large  amounts  (58) .  Teleosts  contain  about  4 
mgm.,  and  elasmobranchs  approximately  1  mgm,  per  100  cc.  The  blood 
of  arthropods  shows  0.3  to  3.8  mgm,  per  cent  (233). 

Of  the  abnormal  variations  in  the  uric  acid  content  of  human  blood, 
the  most  interesting  occur  in  nephritis  and  gout.  Folin  and  Denis 
(83)  showed  that  marked  increases  occur  in  uremia.  At  about  the  same 
time,  Myers  and  Fine  (237)  reported  values  as  high  as  27  mgm.  per 
100  cc,  of  blood  in  terminal  interstitial  nephritis.  They  also  pointed 
out  that  in  6  cases  of  gout  the  uric  acid  values  varied  between  3.8  and 
5.8  mgm.  The  marked  retention  in  nephritis  leads  to  a  rather  even 
distribution  of  uric  acid  in  the  tissues  (04),  (318),  It  is  not  remarkable 
that  uric  acid  retention  should  occur  during  deficient  renal  function,  but 
the  important  fact  originally  pointed  out  by  Myers,  Fine  and  Lough 
(239)  is  that  usually  uric  acid  is  the  first  nitrogenous  waste  product  to 
be  retained.  In  incipient  interstitial  nephritis,  before  the  urea  or 
creatinine  show  appreciable  increases,  values  of  0  or  more  niiiligranis 
per  cent  of  uric  acid  may  be  found.  This  observation  has  been  verified 
by  many  others,  notably  Baumann,  Hansmann,  Davis  and  Stevens 
(27),  who  regard  the  determination  of  the  uric  acid  concentration  in  the 
blood  08  ono  of  the  most  delicate  indexes  of  n^nal  function  available;. 

In  gout,  uncorn plicated  by  nephritis,  the  uric  acid  is  increased  (00), 
(84),  (253),  (66),  (92),  and  umially  ranges  from  4  to  10  mgm.  per  100  cc.. 
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while  the  values  for  the  urea  and  creatinine  remain  practically  normal. 
The  blood  picture,  therefore,  is  very  similar  to  that  in  incipient  nephritis. 
Indeed,  the  similarity  is  so  striking  that  Fine  (65)  has  raised  the  question 
as  to  whether  gout  is  not  a  very  early  manifestation  of  nephritis,  which 
may  or  may  not  further  develop.  Of  interest  in  this  connection  are  the 
findings  of  McClure  (215) .  This  author  obtained  evidence  of  renal  insuf- 
ficiency in  each  of  six  cases  of  gout,  although  no  clinical  symptoms  of 
nephritis  were  displayed. 

Certain  drugs,  notably  salicylates  (68),  (55),  and  2-phenylquinoline-4 
carboxylic  acid  (atophan)  (85),  (217),  (66),  (279)  greatly  increase  the 
urinary  excretion,  and  lower  the  blood  concentration  of  uric  acid  in  gout. 
The  increased  elimination,  however,  practically  ceases  in  two  days,  and 
more  prolonged  use  of  the  drug  fails  to  induce  further  decrease  in  blood 
uric  acid  (66) .  Probably  the  drugs  act  by  increasing  renal  permeability, 
and  perhaps  also  by  accelerating  mobilization  of  uric  acid  from  the  tis- 
sues (96).  In  advanced  nephritis,  atophan  has  slight  or  no  effect  upon 
uric  acid  excretion  (67) .  Sodium  benzoate  has  also  been  said  to  increase 
the  output,  and  to  lower  the  concentration  in  the  blood  (56),  but  accord- 
ing to  Lewis  and  Karr  (202)  its  administration  may  actually  lead  to 
decreased  elimination. 

In  addition  to  gout  and  nephritis,  in  which  the  difficulty  is  obviously 
one  of  renal  inefficiency,  the  uric  acid  content  of  blood  may  be  markedly 
increased  in  conditions  associated  with  an  exaggerated  nuclear  catabo- 
lism.  Leucemia  (236)  is  a  case  in  question.  Under  such  circumstances 
the  kidneys  may  excrete  large  amounts  of  uric  acid,  but  apparently  are 
unable  to  keep  pace  with  its  formation.  Although  in  the  normal  indi- 
vidual there  is  no  threshold  concentration  for  uric  acid  excretion,  such  as 
exists  in  the  case  of  sugar,  nevertheless  the  kidneys  appear  to  dispose  of 
an  overload  very  slowly.  Probably  this  is  not  due  to  the  relative  insolu- 
bility of  urates,  for  the  blood  (291),  and  usually  the  urine  (105),  are 
able  to  dissolve  at  body  temperature  more  uric  acid  than  they  are  called 
upon  to  handle.  More  likely  the  lags  in  excretion,  with  resulting  accumu- 
lation in  the  blood,  are  associated  with  the  fact,  pointed  out  by  Myers 
and  Fine  (238),  that  the  kidneys  normally  are  able  to  concentrate  uric 
acid  only  about  20  times,  while  they  concentrate  urea  and  creatinine  80 
and  100  times  respectively. 

Other  illustrative  conditions  in  which  the  uric  acid  of  the  blood  may  be 
increased  are  pneumonia  (83),  (146),  malignancy  (147),  arthritis  (84), 
lead  and  mercury  poisoning  (236),  methanol  poisoning  (255),  and  tox- 
emias of  pregnancy  (333).  Curiously,  a  marked  increase  has  recently 
been  reported  in  polyneuritis  of  chickens  (304) . 
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As  regards  the  distribution  between  the  plasma  and  the  corpuscles 
in  human  blood,  uric  acid  manifests  peculiarities  which  at  the  present 
time  are  impossible  of  explanation.  Of  20  samples  of  blood  examined, 
Bornstein  and  Griesbach  (46)  found  2  with  equal  distribution,  on  a 
volume  basis,  between  the  cells  and  the  plasma,  13  in  which  the  uric 
acid  was  greater  in  the  cells,  and  5  in  which  it  was  greater  in  the  plasma. 
They  believe  that  in  shed  blood  two  enzymatic  processes  occur,  one  tend- 
ing to  increase,  and  the  other  tending  to  decrease  the  quantity  of  uric 
acid,  and  that  these  reactions  occur  exclusively  in  the  blood  cells.  In  104 
distributional  analyses,  Theis  and  Benedict  (303)  found  51  samples  of 
blood  with  equal  distribution,  8  with  greater  concentration  in  the  cells, 
and  45  with  larger  amounts  in  the  plasma.  This  relationship  was  inde- 
pendent of  the  pathological  condition.  On  adding  uric  acid  to  20  differ- 
ent bloods,  these  authors  found  an  equal  distribution  in  30  per  cent  of  the 
cases,  while  in  70  per  cent  the  added  uric  acid  did  not  penetrate  the  cells 
at  all.  They  point  out  that  these  marked  differences  in  permeability 
may  occur  possibly  in  other  cells  of  the  body  as  well  as  in  the  blood  cor- 
puscles, and  'may  tend  to  throw  lightonthe  questions  involved  in  specific 
uric  acid  retention  in  the  organism."  In  analyses  of  20  normal  bloods, 
Wu  (336)  uniformly  found  about  twice  as  much  uric  acid  in  the  plasma 
as  in  the  corpuscles.  More  recently  Plass  (250)  has  reported  that  in 
acute  retention  uric  acid  accumulates  in  the  plasma  first,  but  later  dif- 
fuses into  the  blood  cells  until  the  concentration  in  the  latter  is  practically 
equal  to  that  in  the  plasma.  Following  relief  from  such  a  retention,  the 
corpuscles  may  actually  contain  more  uric  acid  than  the  plasma,  due  to 
the  fact  that  excretion  occui-s  more  speedily  than  diffusion  from  the 
cells  into  the  plasma.  It  is  difficult  to  hannonizc  these  four  observa- 
tions, and  further  experiments  of  a  similar  nature  are  needed.  It  appears 
not  improbable  that  illuminating  results  might  follow  intensive  investi- 
gations of  this  sort. 

At  various  times  the  suggestion  has  been  made  that  blood  may  con- 
tain more  than  one  form  of  uric  acid.  The  discovery  by  Gudzent  (97) 
that  uric  acid  i.s  capable  of  keto-<Mi()l  tautomerisin,  immediately  suggested 
the  possibility  that  diflferent  proportions  of  the  80-call(Kl  lactam  and 
Inrtim  formw  might  oc(!ur  in  normal  and  abnormal  bloods.  Gudzent 
Im'Ijcvch    that    onlv    the;   inonosiMlium   salt    of    the    more   stable   but 
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less  soluble  lactim  form  can  occur  in  blood.  This  idea  would  appear  to 
be  negatived  by  the  finding  of  amounts  of  uric  acid  far  in  excess  of  the  solu- 
bility of  the  lactim  form,  which  according  to  Gudzent  is  only  8.3  mgni. 
per  100  cc,  of  serum.  One  may  assume  with  Bechhold  and  Ziegler 
(28)  that  part  of  the  urate  is  present  in  a  colloidal  condition,  but  definite 
proof  of  this  assumption  has  not  been  adduced.  Of  extraordinary 
interest,  therefore,  is  the  discovery  of  Benedict  (31)  that  ox  blood  con- 
tains a  d-ribose-uric  acid  compound,  which  he  and  his  associates  have 
succeeded  in  isolating  (54),  and  which  along  with  the  free  uric  acid,  occurs 
exclusively  in  the  erythrocytes  (245).  The  relatively  large  amount  of 
this  riboside  (?)  present  is  indicated  by  the  fact  that  while  fresh  ox 
blood  contains  only  about  0.5  mgm.  of  free  uric  acid  per  100  cc,  7.5 
mgm.  may  be  found  after  hydrolysis  with  hydrochloric  acid.  The  uric 
acid  is  also  liberated  by  enzymatic  action,  when  the  blood  is  allowed  to 
stand  for  several  days  under  aseptic  conditions. 

Continuing  the  work  begun  in  Benedict's  laboratory,  Newton  and 
Davis  (246)  have  obtained  evidence  of  the  existence  of  combined  uric 
acid  in  human,  horse,  sheep,  pig,  dog  and  chicken  blood.  The  quantity 
in  ox  blood  far  exceeds  that  in  the  blood  of  any  other  animal  examined. 
Human  blood  appears  to  be  next  to  ox  blood  in  its  combined  uric  acid 
content,  but  only  minute  traces  are  detectable  in  the  other  species. 
An  interesting  distributional  difference  in  the  uric  acid  of  ox  and  chicken 
bloods  was  observed  by  Benedict  (31).  In  contrast  to  the  fact  that  uric 
acid  in  the  former  is  confined  to  the  erythrocytes,  in  the  latter  it  is  almost 
wholly  in  the  serum. 

The  ribose-uric  acid  compound  is  an  exceedingly  stable  one,  and  until 
hydrolyzed  does  not  react  with  the  reagents  used  in  Benedict's  colori- 
metric  method.  Recently  Morris  and  Macleod  (235)  have  reported  the 
occurrence  in  certain  specimens  of  human  blood  of  a  form  of  uric  acid 
dimorphism,  which  they  regard  as  quite  distinct  from  that  of  Benedict. 
The  evidence  which  they  present  is  as  follows:  a,  The  IVIorris-Macleod 
method  (334)  for  uric  acid  estimation  gives  higher  values  in  some  speci- 
mens of  blood  than  the  procedure  of  Folin  and  Wu  (87).  b,  From 
mixed  samples  of  human  blood  more  uric  acid  can  be  isolated  in  crystal- 
line form  than  is  indicated  by  the  Folin-Wu  determination,  c,  The 
addition  of  excess  oxalate  to  blood  samples  tends  to  increase  the  values 
obtained  by  the  Folin-Wu  method,  until  they  approximate  those  by  the 
Morris-Macleod  procedure.  In  the  writer's  judgment  the  above  facts 
do  not  prove  that  blood  uric  acid  is  dimorphous  in  the  sense  of  Morris 
and  Macleod,  but  are  merely  suggestive  of  such  an  occurrence.     In  any 
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event,  investigations  along  this  line  are  exceedingly  promising.  It  seems 
not  unlikely  that  the  defect  in  the  metabolism  of  purines  in  gout 
eventually  will  prove  to  be  associated  with  either  an  abnormal  distribu- 
tion, or  an  unusual  form  of  uric  acid  in  the  blood. 

7.  The  effect  of  purixe-free  foods  upon  the  output  of  endog- 
enous URIC  ACID.  Abundant  evidence  has  been  accumulated  in  recent 
years  to  indicate  that  the  original  idea  of  Burian  and  Schur  (51)  and 
Sivt'n  (276),  to  the  effect  that  the  excretion  of  endogenous  purines  is 
constant  from  day  to  day  in  the  same  individual,  is  not  correct.  More 
than  18  yeai-s  ago  Folin  (78)  found  that  the  change  from  a  diet  of  milk 
and  eggs  to  one  of  starch  and  cream  might  be  accompanied  by  a  fall  in 
uric  acid  elimination  of  practically  50  per  cent,  although  both  diets  are 
purine-free. 

Since  the  work  of  Folin,  numerous  investigators,  notably  Leathes 
(174),  Mendel  and  Brown  (220),  Smetdnka  (278),  Taylor  and  Rose 
(294),  Mendel  and  Stehle  (223),  Lewis  and  Doisy  (200),  Host  (113) 
and  Rose  (262)  have  corroborated  his  findings  that  protein  ingestion 
exerts  a  marked  influence  upon  urinary  uric  acid.  Smetdnka  (278), 
Mendel  and  Stehle  (223),  and  Umeda  (308)  also  observed  an  increase  in 
uric  acid  elimination,  as  compared  with  the  fasting  output,  following  the 
ingestion  of  carbohydrates.  Recently  Lewis  and  Corley  (199)  have 
reported  similar  effects  from  the  consumption  of  honey  and  glucose 
syrup  in  amounts  greater  than  200  grams,  but  observed  no  eflfects  from 
moderate  amounts  (100  grams)  of  glucose,  sucrose  or  lactose.  Appar- 
ently fats  produce  the  least  effect  upon  purine  metabolism  of  either  of 
the  foodstuffs. 

The  calorific  value  of  the  diet  is  likewise  important  in  determining  the 
uric  acid  excretion.  According  to  Graham  and  Poulton  (95),  diets  of 
protein  and  fat  of  insufficient  caloric  value  cause  a  fall  of  30  to  50  per  cent 
in  the  output  of  endogenous  uric  acid.  If  most  of  the  fat  is  replaced  by 
carbohydrate  no  fall  is  observed.  Heist  (113)  has  affinned  that  every 
increase  or  decrease  in  the  calorific  value  of  the  food  beyond  a  certain 
minimum,  is  accompanied  by  a  like  change  in  uric  acid  excretion.  Rose 
(262)  also  observed  distinct  increases  in  uric  acid  excretion  in  ])!issing 
from  a  low  calorific  to  a  high  caloiific  nilion,  while  maintaining  the  pro- 
tein intake  at  a  constant  level. 

No  unanimity  of  opinion  exists,  however,  as  to  tlu»  cause  of  the 
increases  and  decrciuwH  in  erulogenous  uric  acid  eliininiition  induced  by 
changes  in  the  diet.  Of  the  many  possible  theories  offered  in  explanation 
of  the  observed  phenomena,  the  following  require  brief  consideration. 
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a.  Nuclear  disintegration  occasioned  by  the  work  of  digestion  and  food 
storage.  This  theory  was  first  suggested  by  Mare§  (214),  and  was  later 
modified  by  Smetdnka  (278).  Mare§  attributed  the  increase  in  output 
of  uric  acid  following  the  consumption  of  purine-free  food  to  nuclear 
disintegration,  chiefly  in  the  alimentary  glands,  incidental  to  the  physio- 
logical work  of  secretion  and  digestion.  According  to  this  author,  uric 
acid  represents  the  wear  and  tear  of  glandular  tissues.  As  evidence  for 
this  mechanism,  Mare§  points  not  only  to  the  effect  of  foods,  but  to  the 
fact  that  pilocarpine,  which  is  known  to  increase  secretory  activity, 
likewise  augments  the  excretion  of  uric  acid.  Lambling  and  Dubois 
(173),  and  Host  (113)  also  regard  digestive  work  as  an  important  factor 
in  the  variations  in  output  of  endogenous  uric  acid,  while  Mendel  and 
Stehle  (223)  state  that  their  experiments  ''offer  no  obstacle  to  the  assump- 
tion that  a  'portion,  at  least,  of  the  endogenous  uric  a^d  may  originate  from 
the  activity  of  the  alimentary  secretory  apparatus." 

Smetdnka,  who  in  the  main  adheres  to  the  Mare§  theory,  was  forced 
to  modify  it.  Having  observed  that  the  ingestion  of  honey,  a  food  which 
requires  practically  no  digestion,  causes  a  marked  increase  in  the  output 
of  uric  acid,  this  investigator  suggested  that  in  addition  to  digestive 
work,  the  activity  involved  in  glycogenesis  may  be  responsible  for  a 
part  of  the  endogenous  uric  acid.  On  the  other  hand,  we  believe  the 
Mare§-Smetanka  theory  may  be  definitely  excluded  from  serious  con- 
sideration in  view  of  the  work  of  Lewis,  Dunn  and  Doisy  (201).  These 
authors  showed  that  glycocoll,  alanine,  and  other  amino-acids,  which 
obviously  require  no  digestion,  and  which  in  the  amounts  given  could 
not  have  formed  appreciable  quantities  of  glycogen,  increase  the  hourly 
output  of  uric  acid  as  much  as  do  proteins. 

h.  Stimulated  purine  synthesis.  The  well-established  fact,  considered 
in  some  detail  above,  that  the  animal  organism  can  synthesize  purines  in 
so  far  as  they  are  required  for  anabolic  purposes,  suggests  the  possibility 
that  these  synthetic  processes  may  be  stimulated  by  food  ingestion. 
Indeed  Graham  and  Poulton  (95)  and  Umeda  (308)  have  suggested  that 
part  of  the  endogenous  uric  acid  may  arise  through  synthesis  from  carbo- 
hydrates. They  observed  that  carbohydrate-rich  fat-poor  diets  cause 
a  greater  excretion  of  uric  acid  than  do  fat-rich  carbohydrate-poor  diets, 
even  though  the  protein  content  and  calorific  value  of  the  food  are  main- 
tained constant.  Umeda  suggests  that  uric  acid  may  arise  from  a 
condensation  of  urea  with  an  intermediary  product  of  carbohydrate 
metabolism,  perhaps  lactic  acid.  Graham  and  Poulton  point  to  the 
observation  of  Knoop  and  Windaus  (150),  that  when  glucose  is  exposed 
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in  vitro  to  the  action  of  sunlight  and  the  strongly  dissociated  compound, 
Zn(OH)2-4NH3,  methyl  glyoxal  and  o-methyl-imidazole  are  formed. 
As  interesting  as  these  suggestions  are,  there  exists  at  the  present  time 
no  experimental  evidence  in  vivo  which  justifies  the  belief  that  carbo- 
hydrates are  transformed  into  purines  in  the  animal  organism. 

On  the  other  hand,  the  possibility  of  a  stimulating  effect  of  proteins 
upon  purine  sj^nthesis  cannot  be  excluded  so  easily.  In  this  connection 
the  work  of  Ackroyd  and  Hopkins  (10)  already  referred  to,  is  of  special 
interest.  As  stated  above  (p.  560),  these  authors  believe  that  either 
arginine  or  histidine  may  serve  as  the  substrate  for  purine  formation. 
A  similar  conclusion  as  to  the  origin  of  purines  in  the  diamino-acids  was 
arrived  at  by  Harding  and  Young  (104).  According  to  these  investiga- 
tors, the  feeding  of  placenta,  which  has  a  high  content  of  arginine, 
causes  a  much  greater  increase  in  the  output  of  uric  acid  and  allantoine 
in  young  dogs  than  does  the  ingestion  of  an  equal  quantity  of  muscle 
protein. 

On  the  contrary,  Abderhalden  and  Einbeck  (2),  Abderhalden,  Ein- 
beck  and  Schmid  (3),  and  Lewis  and  Doisy  (200)  were  unable  to  show 
any  relationship  between  the  diamino-acid  content  of  the  diet  and  the 
uric  acid  or  allantoine  output  in  the  urine.  Lewis  and  Dois}'  compared 
the  effects  of  diets  high  and  low  in  arginine  and  histidine  upon  the  uric 
acid  output  in  man.  Abderhalden  and  Einbeck  studied  the  effects  of 
adding  histidine  to  the  diet  upon  the  allantoine  excretion  in  the  dog. 
In  the  later  experiment  of  Abderhalden  and  his  co-workers  (3),  histidine 
hydrochloride  was  given  in  10  gram  doses  to  a  fasting  animal.  Neither 
of  the  experiments  yielded  any  indicjition  of  ])urino  fornuilion  from  the 
diamino-acids. 

In  contrast  to  the  methods  of  Abderhalden  and  Lewis  and  their  co- 
workers, Ackroyd  and  Hopkins  compared  the  effects  of  diets  free  from 
arginine  and  histidine,  with  diets  containing  adequate  amounts  of  the 
(liamino-acidH.  This  difference  in  oxporimental  method  is  an  cxccmmI- 
ingly  important  one.  For  even  if  it  be  aihnitted  that  tissue  purines 
have  their  ultimate  origin  in  arginine  and  histidine,  this  fact  does  not 
warrant  the  jissumption  that  the  extent  of  purine  syntliosis  is  i)roi)()rtion!il 
to  the  arginine-histidine  supply.  On  the  contrar3%  it  seems  reasonable 
to  suppoHO  tliat  the  synthesis  of  a  tissue  component  is  limited  (]uantita- 
tivoly  to  the  anabolic  needsof  the  organism  for  thai  pariiculur  ingnMhent. 
As  Boon  as  a  diet  contains  suliiciiuit  pn^cinsorH  of  a  given  unabolite, 
synthcflis  probably  occurs  at  the  optimum  rate.  Wo  believe  that  this 
view  is  entirely  in  accord  with  that  of  Ackroyd  and  Hopkins.     If  this 
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conception  is  correct,  one  should  not  expect  an  increase  in  uric  acid 
excretion  to  follow  the  feeding  of  purine  precursors,  unless  the  preceding 
diet  were  deficient  in  these  precursors.  It  therefore  seems  unreasonable 
to  assume  a  stimulated  formation  of  purines  following  food  ingestion, 
unless  a  second  assumption  is  also  made,  namely,  that  part  of  the  uric 
acid  in  man  as  in  birds  is  an  end-product  of  protein  catabolism.  We 
know  of  no  experiments  which  justify  the  second  proposition. 

c.  Stimulation  of  cellular  metabolism.  In  the  interesting  investigation 
of  Lewis,  Dunn  and  Doisy  (201)  on  the  influence  of  diet  upon  the  hourly 
elimination  of  uric  acid,  the  authors  suggest  that  the  effect  of  the  inges- 
tion of  protein  or  amino-acids  may  be  due  to  a  general  stimulation  of 
cellular  metabolism.  Each  of  the  four  amino-acids,  glycocoll,  alanine, 
glutaminic  acid,  and  aspartic  acid,  as  well  as  the  closely  related  aspara- 
gine,  caused  an  appreciable  increase  in  the  hourly  fasting  output  of  uric 
acid.  The  stimulation  caused  by  the  dicarboxylic  amino-acids  was  more 
marked  than  that  produced  by  glycocoll  and  alanine.  On  the  other 
hand,  sarcosine,  a  substituted  amino-acid  not  readily  catabolized  by  the 
body,  and  ammonium  chloride  and  urea,  were  without  influence.^ 

For  reasons  which  have  been  discussed  in  detail  elsewhere  (261),  we 
believe  that  the  cellular  stimulation  theory  is  the  most  satisfactory  one 
available  at  the  present  time.  We  (262)  have  shown  that  following 
radical  increases  in  food  consumption  (particularly  as  regards  the  protein 
portion),  the  largest  alterations  in  uric  acid  output  occur  on  the  days 
immediately  succeeding  the  dietary  changes.  These  observations  led  us 
to  believe  that  the  amino-acids  themselves,  rather  than  their  interme- 
diary catabolic  products,  are  responsible  for  the  stimulating  effect  upon 
cellular  activity.  On  the  other  hand,  the  recent  findings  of  Gibson  and 
Doisy  (93),  that  pyruvic  acid  causes  an  increase  in  the  hourly  excretion 
of  uric  acid,  and  of  Lewis  and  Corley  (199)  that  glycerol  exerts  a  similar 
effect,  indicate  that  the  native  foodstuffs  and  amino-acids  are  not  the 
only  substances  which  increase  uric  acid  elimination.  Moreover,  the 
situation  is  further  complicated  by  the  fact  that  while  pyruvic  acid 
causes  an  increase,  the  closely  related  lactic  acid  occasions  a  decrease  in 
uric  acid  output  (93). 

*  Since  writing  the  above,  A.  A.  Christman  and  H.  B.  Lewis  (Journ.  Biol. 
Chem.,  1923,  Ivii,  379)  have  reported  that  the  administration  of  amino-acids  in 
rabbits  is  followed  by  decreases  in  allantoine  excretion.  These  observations  are 
in  marked  contrast  to  those  observed  in  human  subjects,  and  suggest  a  possible 
difference  in  physiological  significance  of  uric  acid  in  man  and  of  allantoine  in 
lower  animals. 
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It  is  not  likely  that  in  the  near  future  our  knowledge  will  be  sufficiently 
extensive  to  enable  us  to  accurately  picture  the  details  of  endogenous 
purine  metabolism,  or  to  fully  explain  the  action  of  purine-free  substances 
upon  uric  acid  excretion.  The  problem  is  a  difficult  one,  and  the  inter- 
pretation of  the  experimental  findings  requires  unusual  caution.  But 
until  evidence  to  the  contrary  is  obtained,  the  cellular  stimulation  theory 
may  serve  as  a  helpful  working  hypothesis. 
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THE  MODERN  THEORY  OF  GENETICS  AND  THE  PROBLEM 
OF  EMBRYONIC  DEVELOPMENT 

T.  H.  MORGAN 
Columbia  University,  New  York  City 

The  several  attempts  that  have  been  made  in  the  past  to  *  'explain" 
the  development  of  the  individual  from  the  egg  by  postulating  physio- 
logical units,  pangenes,  determinants  and  other  kinds  of  representative 
particles  have,  not  without  reason,  called  forth  a  good  deal  of  criti- 
cism as  to  the  value  of  such  a  procedure,  especially  in  the  biological 
sciences  where  the  evidence  for  an  assumption  of  this  kind  was  largely 
wanting. 

The  disrepute  into  which  these  philosophical  speculations  fell  has 
carried  over,  and  there  has  remained,  in  certain  quarters  at  least,  a 
prejudice  against  the  modern  theory  of  heredity,  based  on  Mendel's 
laws,  that  also  postulates  units  or  elements  in  the  germinal  materials. 
A  little  discrimination  might  have  shown  that  because  certain  specula- 
tions concerning  developmental  units  had  little  evidence  in  their  sup- 
port, and  were  objectionable  on  more  than  one  score,  it  did  not  follow 
that  the  egg  and  spenn  might  not  contain  discrete  elements,  chemical 
compounds,  through  whose  perpetuity  heredity  is  possible  and  through 
whose  effects  the  process  of  embryonic  development  might  be  influenced. 
It  was  scarcely  rational  to  reject  all  theories  assuming  the  germ-cell 
to  contain  a  number  of  definite  substances  that  are  the  agents  through 
which  heredity  takes  place,  because  a  few  philosophers  had  postulated 
fictitious  units.  The  value  of  any  hypothesis  relating  to  heredity  and 
to  development  will  depend  of  course  on  the  kind  of  evidence  that 
can  be  brought  to  its  support. 

Without  attempting  to  review  the  history  of  the  theories  of  represen- 
tative particles  that  have  played  a  role  in  modern  biological  specula- 
tions, I  shall  first  point  out  the  kind  of  evidence  on  which  our  inter- 
pretation of  embryonic  development  rests  and  then  give  the  evidence 
from  genetics  that  leads  to  the  conclusion  that  heredity  is  due  to  dis- 
crete particles  in  the  germinal  material.  If  I  can  succeed  in  remov- 
ing some  of  the  unnecessary  prejudices  that  seem  still  to  persist  on  the 
part  of  those  not  familiar  at  first  hand  with  the  evidence,  I  shall  have 
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accomplished  the  purpose  of  this  article.  While  it  is  not  possible  to 
bring  forward  here  more  than  a  fraction  of  the  evidence  on  which  the 
modern  theory  of  heredity  rests,  it  should  be  possible,  even  in  a  limited 
space,  to  indicate  the  kind  of  evidence  that  supports  this  theory. 

The  assumptions  that  vmderlie  our  modern  ideas  as  to  the  rela- 
tion between  genetics  and  development  are  the  following:  a.  The 
orderliness  of  the  developmental  process  is  a  fact  of  observation.  The 
eggs  of  an  individual  develop  into  the  same  kinds  of  individuals,  if 
the  environment  is  constant,  b.  Since  vastly  different  kinds  of  animals 
(species)  develop  in  the  same  environment,  in  the  sea,  or  in  a  lake,  for 
instance,  their  differences  must  depend  on  differences  in  the  eggs  them- 
selves, c.  If  an  alteration  takes  place  in  the  composition  of  an  egg,  the 
end  product  of  its  development  is  expected  to  be  different  from  what 
it  was  before,  and  if  this  alteration  should  be  present  again  in  the  eggs 
of  the  next  generation,  the  same  effects  are  expected.  An  alteration 
of  this  kind  is  called  a  mutation.  These  generalizations  rest  on  actual 
experience  and,  as  will  probably  be  conceded  by  everyone  familiar  with 
the  evidence,  they  mean  no  more  than  that  the  developmental  process 
is  regarded  as  a  causal  phenomenon,  or  in  other  words,  it  appears  to 
be  an  orderly  sequence  of  recurrent  events. 

When,  however,  we  come  to  enquire  more  specifically  into  the  de- 
tails on  which  these  generalities  are  based,  we  find  that  we  have  not 
penetrated  very  far  into  the  nature  of  the  changes  that  are  postulated. 
Nevertheless  it  can  be  shown,  I  think,  that  there  are  sufficient  grounds 
for  holding  such  views. 

The  evidence  for  the  statement  that  at  times  a  change  may  take 
place  in  an  egg  (or  spenn  cell)  of  such  a  sort  that  it  persists  in  the 
egg.s  (and  sixjnn  cells)  of  succeeding  generations,  is  derived  from  new 
types  that  suddenly  appear  and  rea]>iiear  in  the  descendants  of  such 
mutant  ty])cs.  liofore  bringing  forward  this  evidence,  there  is  a 
further  relation  that  should  be  considered.  It  is  this.  Between  the 
egg  and  the  cud  ])ro<luct  of  its  development — the  individual — wc  arc 
familiar  with  a  long  stories  of  events  as  a  consequence  of  which  a  specific 
fonn  cmergcH.  While  there  is  an  extensive  literature  describing  these 
Htug(?8,  it  i.s  generally  admitted  that  we  know  very  little  us  to  th(»  nature 
of  the  changeK  that  take  j)lace.  Our  idea  that  they  are  causal  events 
rcHtH  largely,  an  I  havi*  said,  on  their  orderliiu^ss,  which  is  the  same  for 
countioHH  individual  raws.  Are  wc  jiis1ifi('(l,  then,  in  ])(KMtulating  that 
a  change  in  the  g(»rm-cell  has  occurnnl  whenever  a  n(nv  type;  ui)i)('urs 
that  IB,  in  a  Henw,  iKTinanent?    Since  every  individual  starts  as  an 
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egg,  there  seems  to  be  no  escape  from  this  interpretation,  which  is 
moreover  in  accord  with  a  vast  body  of  information  showing  that  the 
egg  of  an  individual  is  a  cell  that  has  been  derived  by  successive  genera- 
tions from  a  similar  cell  (the  egg)  of  the  preceding  generation. 

The  evidence  that  something  in  the  germ-material  that  is  correlated 
with  typical  characters  perpetuates  itself,  is  derived  from  Mendel's 
law  of  segregation.  This  may  be  illustrated  as  follows:  If  a  yellow^ 
pea,  (Pi,)  is  crossed  to  a  green  pea,  (Pi,)  the  peas  produced  by  the  cross 
(Fi)  are  yellow.  If  these  are  self-fertilized,  their  offspring,  F2,  consists 
of  yellow  and  green  peas  in  the  ratio  of  three  yellows  to  one  green. 
When  these,  F2,  in  turn  are  tested,  it  is  found  that  the  green  peas  breed 
true  to  green,  and  that  there  are  two  kinds  of  yellows  in  the  ratio 
of  two  to  one.  The  former,  if  selfed,  produce  again  yellow  and  green 
peas  in  the  same  ratio  of  3:1,  while  the  latter,  if  selfed,  breed  true  to 
yellow.  Mendel  pointed  out  that  these  numerical  results  can  be 
explained  by  a  very  simple  assumption.  The  original  yellow  pea.  Pi, 
carries  something  in  its  genn-cells  that  makes  it  yellow,  and  the  green 
pea,  something  in  its  germ-cells  that  makes  it  green.  When  the  two 
are  brought  together  in  the  first  generation  hybrid,  Fi,  the  result  is 
not  a  blend  of  the  two,  but  the  yellow  dominates.  (This,  however,  is 
of  no  importance,  for  in  many  other  cases  the  hybrid  is  intermediate.) 
If  when  the  germ-cells  of  the  hybrid  come  to  maturity,  the  two  some- 
things (that  made  one  type  yellow  and  the  other  type  green)  separate 
(segregate),  then  half  of  the  germ  cells  will  be  yellow-producing  and 
half  will  be  green-producing. 


Germ-cells 
of  Fi 


Eggs  yellow        or        green 


Pollen  3'ellow        or        green 


F2     1 .  yellow  yellow     ;    2.  yellow  green     :     1 .  green  green 


3.  yellow  :  1.  green 

Chance  fertilization  of  any  egg  by  any  pollen  grain  will  give  three 
kinds  of  combinations,  namely,  1,  yellow  yellow;  2,  yellow  green; 
S,  green  green.  Of  these  three  combinations  the  first  will  be  pure  for 
yellow,  the  second  (which  are  twice  as  numerous)  will  be  mixed  yellow 
and  green  in  composition,  but  yellow  in  expression,  since,  as  shown  in 
the  first  generation,  when  both  are  present  the  yellow  dominates; 
the  third  will  be  pure  for  green.  These  classes  are  in  the  ratio  of 
1:2:1. 
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jNIendeFs  theoiy  rests,  therefore,  on  the  assumption  that  if  in  the 
germ-cells  of  the  hybrid  the  two  parental  contributions — the  yellow- 
producing  and  the  green-producing  contributions — separate  (segregate) 
so  that  half  of  the  germ-cells  are  of  one  kind  and  half  of  the  other,  and 
if  the  chances  are  equal  that  am'  pollen  grain  may  fertilize  any  egg, 
the  observed  numerical  results  in  the  second  generation  are  accounted  for 

A  simple  experiment  of  this  kind  reveals  nothing  as  to  the  nature 
of  the  germinal  material  of  the  two  parents.  For  instance,  it  would 
not  be  necessary  to  assume  that  there  is  an  element  for  yellow  and 
one  for  green,  although  obviously  this  would  be  the  commonplace  way 
of  stating  the  relation;  for  when,  as  here,  the  assumption  of  a  dif- 
ference between  the  two  kinds  of  peas  suffices  for  the  theory,  there  is 
nothing  to  demonstrate  that  there  must  be  representative  units  in 
the  germ  material  that  stand  for  yellow  or  green.  The  explanation 
would  be  exactly  the  same  if  it  were  stated  that  all  that  went  into  the 
hybrid  (from  the  yellow  parent)  separated  from  all  that  went  into  the 
hybrid  (from  the  green  parent).  But  this  interpretation  will  not 
cover  all  the  results  found  by  Mendel,  as  is  made  clear  by  those  cases 
where  two  or  more  character-differences  are  found  in  the  same  cross. 
This  evidence  is  furnished  by  Mendel's  second  law,  or  law  of  independ- 
ent assortment  of  the  genes.     It  may  also  be  illustrated  by  an  example. 

Tall  and  dwarf  peas  fomi  a  Mendelian  pair  of  characters,  i.e.,  when 
crossed  they  give  in  F2  a  3  to  1  ratio,  etc.  Purple  flower  color  and 
white  flower  color  are  another  pair  of  such  characters.  If  a  pea  that 
is  tall  and  has  purple  flowers  is  crossed  to  a  pea  that  is  short  and  has 
white  flowers,  the  offspring,  F,,  will  be  tall  with  purple  flowers.  If 
these  tall  purple  hybrids  sclf-fei*tilize,  their  offsi)ring,  Fo,  will  fall  into 
four  classes,  namely,  tall  purple,  tall  white,  short  purple,  and  short  white, 
in  the  ratios  of  9:3:3:1. 
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It  is  obvious  that  the  result  can  not  be  explained,  as  in  the  case  where 
a  single  pair  of  characters  only  is  involved,  by  assuming  that  the  whole 
germ  material  of  the  original  tall  purple  parent  separates  in  the  germ- 
track  of  the  hybrid  from  the  germ  material  of  the  short  white  parent; 
but  it  is  equally  obvious  that,  as  Mendel  pointed  out,  the  results  can 
be  explained  if  we  treat  each  pair  of  characters  that  entered  the  cross 
as  though  it  behaved  independently  of  the  other  pair  of  characters. 
For  example,  if  the  F2  offspring  are  separated  into  tails  and  shorts,  they 
will  be  as  3  to  1.  Amongst  the  tails  again,  there  should  be  purples 
and  whites  in  the  ratio  of  3  purple  and  1  white,  and  among  the  shorts 
there  should  also  be  found  three  purples  to  1  white.  Since  there  are 
three  times  as  many  tails  as  shorts,  the  expectation  for  all  the  offspring 
is  9  tall  purple,  3  tall  white,  3  short  purple,  and  1  short  white.  The 
following  diagram  represents  these  relations. 

Tall  purple  by  short  white 

\  / 

I'l  Tall  purple 

/  \ 
(           12  Tall  4  Short 

F.,    I ' .  . : • . 

1 9  purple  —  3  white  3  purple  —  1  white 

Mendel  also  found  that  when  three  pairs  of  chars  cters  enter  a  cross, 
each  pair  behaves  independently  of  the  other  two  pairs,  or,  stated  more 
accurately,  the  numerical  results  obtained,  w^hen  three  pairs  of  charac- 
ters are  present,  can  be  accounted  for,  if  each  pair  of  characters  segre- 
gates independently  of  the  segregation  of  the  other  two  pairs. 

Mendel's  second  law  has  been  shown  to  be  limited  in  its  application. 
A  new  phenomenon,  known  as  linkage,  places  serious  restrictions  on 
the  generality  of  the  law  of  independent  assortment.  Mendel  did 
not  meet  with  an}^  cases  of  linkage,  or  if  he  did  he  has  left  no  state- 
ments in  regard  to  them.  In  recent  years  many  such  cases  have  been 
found,  including  a  few  in  garden  peas.  However,  the  free  assortment 
shown  by  two  pairs  of  characters  is  proof  that  the  germ-materials  that 
went  in  and  segregated  in  the  hybrid  are  not  wholes,  but  must  be 
treated  as  separable  into  parts.  How  far  this  material  may  be  sub- 
divided can  only  be  determined  at  present  by  the  genetic   evidence. 

The  evidence  from  free  assortment  carries  us  only  a  short  distance 
in  the  analysis  of  the  divisibility  of  the  germ-materials.  It  has  led,, 
however,  in  recent  years  to  a  very  important  conclusion,  namely, 
that  the  number  of  independent  factor-pairs    corresponds   with    the 
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number  of  the  chromosome  pairs.  In  other  words,  the  evidence  from 
Mendel's  second  law  has  shown  that  the  divisibility  of  the  hereditary- 
material  extends  as  far  as  the  chromosomes.  But  to-day  we  go  far 
bej'ond  this  conclusion,  and  we  are  able  to  do  so  because  there  has 
been  discovered  another  phenomenon,  crossing-over,  that  enables  us 
to  work  within  the  linkage  groups. 

Linkage  and  crossing-over.  The  evidence  from  genetics  shows  that 
in  many  cases  when  two  characters  are  present  in  the  same  cross 
they  do  not  freeh'  assort,  but  the  characters  that  went  in  from 
the  one  or  from  the  other  parent  tend  to  remain  together  in  subse- 
quent generations.  If  they  always  remain  together  they  are  said  to 
be  completely  linked;  when  they  separate  occasionally,  they  may  be 
said  to  be  closely  linked;  when  they  separate  more  freely,  they  are 
loosely  linked.  A  few  examples  will  bring  out  these  relations  more 
clearly. 

When  the  sex-Unked  characters  of  Drosophila,  yellow  wings  and 
white  eyes,  go  in  together  on  one  side,  and  gray  wings  and  red  eyes  on 
the  other,  98.5  per  cent  of  the  F2  flies  are  either  yellow  white  or  gray 
red.  Only  1.5  per  cent  of  the  F2  flies  are  cross-overs,  i.e.,  yellow  red  or 
gray  white  (fig.  1).     Here  the  linkage  is  close. 

When  yellow  wings  and  vermilion  eyes  enter  from  one  side  and  gray 
wings  and  red  eyes  from  the  other  side,  69  per  cent  of  the  Fo  offspring 
are  the  classes  that  went  into  the  cross  together,  namely,  yellow  ver- 
milion and  gray  red,  and  31  per  cent  of  the  F2  flies  are  cross-overs, 
namely,  yellow  red  and  gray  vermilion.  Here  the  linkage  is  not  so 
€lo8e. 

When  yellow  wings  and  bar  eyes  enter  from  one  side  and  gray  wings 
and  round  eyes  from  the  other  side,  44  per  cent  of  the  Fa  offspring 
are  the  classes  that  went  in  together,  namely,  yellow  round  and  gray 
bar.  This  is  a  case  of  loose  linkage.  Similar  exami)los  could  be  given 
from  each  of  the  other  three  linkage  groups  of  Drosophila. 

These  facts  do  not  reveal  one  of  the  most  fundumontal  discoveries 
relating  to  linkage,  which  is  apparent  only  when  rc])r(\s(Mitativos  of  a 
Bufticiently  large  number  of  linked  characters  enter  the  cross  at  the 
same  time  to  enable  uh  to  detect  the  nature  of  the  process  that  is  taking 
plaee.  When  such  an  <'xp(?riinent  is  made,  the  results  show  for  a  given 
linkage  scriea,  such,  for  example,  as  the  sex-linked  series  of  Drosphila, 
that  no  croHHing-ovcr  at  all  occurs  in  43  per  cent  of  the  eggs,  niul  that 
croDHJng-over  occurs  once  in  about  43.5  per  cent  of  the  eggs.' 

■  ('rcMwing  over  occurs  twice  in  l.'i  per  crnt  uf  the  eggs  and  three  times  in  0.5 
(Mrr  root. 
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Fig.  1.  Cross  of  a  female  Drosophila  melanogaster  thartD<ta9)mhi()©ieyj88'«od 
yellowwings  toawild  type  male  with  red  eyes  and  gray  wiqg^.,^T^(j^i  ^^ngjl^^^ 
are  like  their  mother  and  the  Fi  sons  are  like  the  father.  •  Jnthe  IWPJ  }ip®<9j^t*^^ 
diagram  the  four  kinds  of  F2  flies  are  shown.  The  first  two  are  like  ineir  grand 
parents  and  represent  non-cross-over  classes.  The  oth^if'tWo  ^.i^fe  iifi^ 'ii^S^^V^i' 
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When  it  occurs,  extensive  series  of  genes  are  interchanged  at  the 
same  time.  The  interchange  may  occm*  at  any  level.  If  it  occurs 
near  one  end  there  will  be  two  short  blocks  interchanged,  (or  stated 
conversely,  two  large  blocks  interchanged).  This  is  represented  in 
the  following  scheme: 

abcdefghijklm      ABCdefghij  k  I   m 


ABCDEFGHIJKLM       abcDEFGHIJKLM 

If  the  interchange  takes  place  near  or  at  the  middle  of  the  series  the 
lengths  interchanged  are  the  same,  etc.  Results  of  this  kind  illustrate, 
as  I  stated  above,  an  important  fact  concerning  crossing-over. 
Although  we  speak  of  red  and  white  eyes  interchanging,  as  a 
matter  of  fact  entire  series  of  genes  cross-over,  but  the  event  is  visible 
only  in  the  red  and  white  because  this  is  the  pair  that  is,  so  to  speak, 
marked.  But  when  many  characters  are  present  in  the  same  experi- 
ment we  can  then  see  that  whenever  red  and  white  eyes  are  interchanged 
large  blocks  are  exchanged  with  them. 

From  these  facts  relating  to  crossing-over,  the  following  theory  has 
been  proposed.  If  the  genes,  that  represent  the  characters  in  the  germ- 
material  are  assumed  to  be  arranged  in  linear  order  (as  in  the  illustra- 
tion given  above),  then,  if  crossing  over  is  an  event  that  may  take 
place  at  any  level  along  the  chromosome's  kngth,  it  follows  that  if  two 
members  of  the  series  lie  near  together  the  chance  that  crossing-over 
will  occur  between  them  is  small ;  and  conversely  the  further  apart  any 
two  members  of  the  series  lie,  the  greater  the  probabilit}^  of  crossing- 
over  occurring  between  them.  Now,  since  the  number  of  cross-over 
individuals  obtained  in  any  case  is  a  measure  of  how  often  crossing- 
over  has  taken  place,  w*  can  calculate  from  such  data  the  relative 
"distance"  apart  of  the  two  factor  pairs  in  question.  If  this  is  done 
for  all  the  known  members  of  any  series  we  can  get  an  idea  as  to  their 
relalivr  position.s  in  tiio  linear  series  with  respect  to  each  other.  The 
value  of  such  infonnution,  aside  from  its  great  theoretical  interest, 
liea  in  the  fact  that  these  a.s.signed  numeri(!al  vahies  allow  us  to  predict 
how  a  new  member  of  any  series  will  behave  with  resjwct  to  all  the 
othcre  of  that  scries,  ])rovi(led  its  numerical  relation  to  two  members 
of  the  known  series  is  first  determined.  This  is  done  by  testing  its 
croesing-ovcr  with  any  two  in(nnbers  of  the  series,  preferably  two  that 
aid  not  too  "distant."  TIk;  ability  to  l)re<lict  new  combinations  is 
one  of  the  car-marks  of  a  scientific  hy]X)ti>esis,  and  in  this  respect  the 
theory  of  the  linear  order  of  the  genes  fulfils  the  roquircnients. 
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Instead  of  trying  to  justify  the  theory  on  these  grounds,  there  is  a 
logical  or  geometrical  demonstration  of  the  linear  order  of  the  genes. 
For  example,  yellow  wings  and  white  eyes  give  a  cross-over  value  of 
1.2  per  cent,  white  eyes  and  bifid  wings  give  a  cross-over  value  of  3.5 
per  cent.  Now  if  the  order  is  yellow  white  bifid,  then  yellow  and 
bifid,  if  tested,  are  expected  to  give  a  cross-over  value  that  is  the  sum 
of  the  other  two;  but  if  the  order  is  white  yellow  bifid,  then  the  yellow 
bifid  cross-over  value  is  expected  to  be  the  difference  between  white 
bifid  and  yellow  bifid.  The  data  show  that  the  former  situation  obtains 
in  this  case. 

This  relation  for  three  or  more  points  holds  in  all  cases  so  far  carefully 
investigated  with  the  proper  controls.  It  may  be  stated  in  a  general 
way,  as  follows:  The  cross-over  values  of  three  characters  a,  b,  c,  are 
such  that  the  cross-over  value  of  a  and  b  is  always  found  to  be  the 
sum  or  the  difference  of  the  cross-over  values  of  a  and  c  and  that  of 
b  and  c.  This  relation  is  a  geometric  relation  for  three  points  in  a 
line.     No  other  simple  relation  fulfils  these  conditions. 

It  is  necessary  to  emphasize  that  these  conclusions  are  derived  en- 
tirely from  genetic  data,  because  the  theory  of  crossing  over  in  its 
further  development  has  become  involved  in  more  hypothetical  in- 
ferences relating  to  the  chromosomes.  The  full  significance  of  the 
genetic  theory  would  remain  even  if  the  chromosomal  inferences  turned 
out  to  be  quite  different  from  those  proposed.  Nevertheless,  I  think, 
that  it  is  a  matter  of  great  interest  to  find  in  the  known  behavior  of 
the  chromosomes  certain  stages  that  fulfil  all  the  requirements  of  the 
genetic  theory. 

Double  crossing-over.  There  is  genetic  evidence  that  crossing-over 
may  take  place  twice  in  the  same  series.  Inasmuch  as  double  crossing- 
over,  as  it  is  called,  introduces  the  necessity  of  a  correction  in  the  data 
when  only  two  pairs  of  linked  characters  are  studied,  it  is  important 
to  make  clear  how  this  process  affects  the  results.  Again  an  example 
will  serve  our  purpose:  Suppose  an  individual  with  the  three  sex- 
linked  factors,  white  eyes,  miniature  wings  and  forked  bristles,  is 
crossed  to  an  individual  with  the  normal  allelomorphs  of  these  charac- 
ters, red  eyes,  long  wings  and  straight  bristles.  In  the  hybrid  female 
the  two  X-chromosomes  bearing  the  genes  for  these  characters  may  be 
represented  as  follows: 

white miniature forked 

red  long  straight 
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Now  if  crossing-over  should  take  place  at  two  levels  between  white 
and  forked,  the  relation  of  the  three  pairs  of  gen'^s  involved  would  then 
be  represented  as  follows: 

white  long  forked 


red  miniature  straight 

If  the  cross-over  value  of  white-red  and  forked-straight  were  alone  being 
studied,  the  combinations  of  these  characters  that  come  out  after  such 
a  double  crossing-over  would  be  the  same  as  those  that  went  in,  namely, 
white-forked  and  red-straight  as  shown  in  the  second  diagram  above. 
Consequently,  these  individuals  would  be  classified  as  non-cross-overs 
and  two  crossings-over  would  be  missing.  This  would  give  relativel}'' 
too  low  a  crossing-over  value  for  this  combination  in  comparison 
with  cases  where  no  double  crossing-over  occurs,  and  the  percentage 
values  would  be  imperfect  to  the  extent  to  which  double  crossing-over 
had  occurred. 

If,  however,  in  such  a  cross  a  third  character  is  taken  into  account — 
one  which  previous  experiments  had  shown  to  be  between  the  extremes 
— then  double  crossing-over  will  be  detected  when  it  occurs,  for  the 
double  crossing-over  will  give  flies  that  are  white  long  forked  and  red 
miniature  straight  (see  diagram). 

Experience  has  shown  that  when  the  cross-over  value  of  two  factor- 
pairs  is  small,  no  double  crossing-over  occurs,  and  that  the  chance  of 
its  occurring  increases  as  the  cross-over  values  become  larger.  This 
relation  may  be  stated  in  a  simple  way;  namely,  that  when  crossing- 
over  takes  place  at  one  level  the  region  on  each  side  is  protected  from 
a  second  cross-over  in  the  same  egg. 

The  further  away  any  level  lies,  the  greater  is  the  likelihood  of 
double  crossing-over  taking  place,  at  least  up  to  a  certain  distance. 
It  is  tnic,  of  course,  on  chance  alone,  the  greater  the  length  of  tiio  series 
the  greater  the  expectation  of  a  second  crossing-over  occurring,  but 
the  observed  relations  show  that  chance  alone  will  not  account  for  the 
fa<rtH.  The  only  explanation  so  far  fonncul  involves  a  consideration 
of  the  chromosome  behavior  and  will  be  described  below. 

If  the  chance  of  a  second  crossing-over  steadily  increases  as  the 
distance  from  the  first  crosHing-over  increases,  a  level  might  be  n'.'icluul 
which  is  no  long<'r  ufT(!cte(i  by  the  first  (uossing-over.  This  relation 
has  also  Iwen  foun<l,  by  Weinstein,  to  hold.  The  evidence  for  this  is 
important  for  any  consideration  dealing  with  th(»  m(»chanism  of  cross- 
ing-over;   for,   whaUiVvr    hyixjlhesis  of  croasing-over  is   suggested,   it 
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must  fulfil  the  requirement  of  these  discovered  relations.  There  is, 
in  fact,  a  mechanical  factor  which  will  account  for  this  relation.  If 
the  interchange  takes  place  at  the  time  of  conjugation  as  a  result  of 
the  twisting  or  looping  of  the  pair  of  chromosomes  involved,  the  semi- 
rigidity  of  the  thread  imposes  such  conditions  on  the  situation. 

It  will  have  been  observed  that  cross-over  values  have  been  often 
spoken  of  as  though  they  could  be  converted  into  distance  apart  of  the 
genes.  If  understood  properly,  the  use  of  the  more  graphic  term  dis- 
tance should  not  lead  to  confusion,  but,  since  it  has  been  misunderstood 
even  by  geneticists,  a  word  of  caution  may  not  be  superfluous.  An 
imaginary  situation  will  serve  to  bring  out  the  most  essential  point. 
If  in  one  stock,  crossing-over  should  be  more  frequent  between  two 
factor-pairs  than  between  the  same  factor  pairs  in  another  stock  the 
"distance"  would  appear  to  be  greater  in  the  former.  Obviously, 
under  such  circumstances  distance  could  not  have  the  precise  meaning 
that  it  appears  to  have  when  cross-over  values  are  converted  into  dis- 
tance. Only  when  the  cross-over  values  are  constant  could  we  com- 
pare two  independently  obtained  results.  Now,  as  a  matter  of  fact, 
cross-over  values  are  remarkably  constant  under  known  conditions. 
On  the  other  hand  there  is  abundant  evidence  to  show  that  crossing- 
over  may  be  influenced  both  by  external  and  by  internal  factors.  These 
can  be  studied  by  experimental  methods  and  the  corrections  necessary 
to  convert  one  set  of  observations  into  another  can  be  obtained.  There- 
fore, in  making  out  tables  or  "maps"  of  the  linkage  groups,  it  is  ex- 
pedient to  exclude  those  cases  where  unusual  environmental  or  genetic 
conditions  have  been  found  to  be  present.  The  numerical  values  as- 
signed to  the  series  of  linked  genes  in  our  maps  represent  what  may  be 
called  normal  values,  i.e.,  those  most  frequently  met  with  when  known 
disturbing  factors  are  eliminated. 

Distance  as  a  genetic  term  is,  after  all,  not  the  most  interesting 
fact  brought  out  by  this  work  in  crossing-over,  even  although  the 
practical  aspects  of  assigning  values  to  the  position  of  the  genes  in  the 
series  are  manifest.  It  is  the  linear  order  of  the  genes  and  their  re- 
tention of  this  order  through  all  the  vicissitudes  of  changes  in  crossing- 
over  that  is  the  most  significant  feature  of  the  results.  A  striking 
case  in  point  is  that  studied  by  Sturtevant.  He  found  that  there  is 
a  region  at  the  right  end  of  the  chromosome  extending  for  a  distance  of 
56  units  that  is  affected  by  a  genetic  factor  in  such  a  way  that  crossing- 
over  is  cut  down  almost  to  zero,  but  the  little  crossing-over  that  remains 
shows  that  the  order  of  the  genes  is  not  changed. 
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A  recent  "map"  of  the  four  linkage  groups  of  Drosophila  melano- 
gaster  is  shown  in  figure  2.  Only  the  more  familiar  or  more  used  genes 
are  named,  the  other  cross  lines  indicate  the  known  location  of  still 
other  genes.  In  addition  to  these  there  are  as  many  more  characters 
known,  but  they  are  not  so  accurately  placed  as  are  those  here  shown. 
In  making  these  maps  the  linear  order  of  the  series  is  determined  from 
material  as  homogeneous  as  possible,  i.e.,  from  pair  cultures  under 
favorable  enviromnental  conditions  and  where  no  known  internal  dis- 
turbing factors  are  present.  The  linear  order  once  determined  in  this 
way,  the  cross-over  values  assigned  to  the  loci  are  the  average  results 
of  a  great  amount  of  data,  often  obtained  at  various  times  and  from 
various  sources,  excluding  all  those  cases  known  to  be  exceptional. 
^''alues  obtained  in  this  way  give  the  best  approximations  to  those 
most  likely  to  be  met  with. 

There  is  also  some  evidence  to  show  that  crossing-over  in  certain 
regions  of  the  linkage  group  is  more  likely  to  occur  than  in  other  regions. 
This  disturbs  the  relative  values  of  the  distances,  but  since  this  is  a 
constant  variant,  it  does  not  call  for  a  correction  in  the  maps.  For 
the  further  working  out  of  the  problems  of  crossing-over,  however,  the 
regional  difference  may  be  highly  important. 

The  chromosome  mechanism.  The  evidence  that  the  chromosomes 
are  intimately  concerned  with  the  inheritance  of  Mendelian  characters 
has  steadil}'  grown  more  convincing.  The  fact  that  the  behavior  of 
the  chromosomes  at  the  reduction  period  furnishes  a  mechanism  that 
parallels  the  postulates  of  Mendel's  two  laws  in  all  respects,  would  in 
itself  attract  the  immediate  attention  of  any  biologist  who  was  not 
content  to  have  these  laws  stand  without  regard  to  processes  taking 
place  in  the  eggs  and  sperm  cells.  Even  were  there  no  other  evidence, 
I  think  that  biologists  would  have  welcomed  this  application  of  Mende- 
lian principles  to  cytology,  but  there  is  at  present  other,  direct  evidence 
pointing  to  the  chromosomes  as  the  bearers  of  the  Mendelian  genes. 
The  correspondence  of  the  linkage  groups  in  Drosophila  melanogaster  is 
inj|x>rtant  in  this  cormection,  for  if  the  chromosomes  carry  the  genes, 
and  if  they  are,  as  they  appear  to  bo,  self-per])etuating  bodies  in  the 
cell,  such  a  phenomenon  as  that  of  linkagi;  is  ('X]>ected.  Linkage, 
in  this  sense,  means  only  that  the  chromosome  remains  a  constant 
clrnnent  from  one  generation  to  the  next.  What  was  not  to  be  anti- 
cipated on  su(;h  a  view,  however,  was  the  genc'tic  discovery  that  this 
ponstantry  of  the  (chromosomes  holds  only  as  far  as  other  chromosomes 
are  concerne<i.     It  docs  not  hold  for  members  f)f  the  .same  pair.     Be- 
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Fig.  2.  The  four  series  of  linked  genes  of  Drosophila  melanogaster.     The 
first,  I,  is  the  sex-linked  series. 
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tween  members  of  the  same  pair  of  linkage  groups  crossing-over  occurs, 
hence  if  the  chromosomes  carry  the  series  of  linked  genes  they  must 
interchange.  A  very  important  fact  concerning  the  interchange  is 
shown  by  genetics.  The  exchange  is  precise  to  a  marvellous  degree, 
since  it  involves  an  exact  interchange  of  all  like  loci.  Since  the  genes 
must  be  extremely  small  in  order  to  exist  in  linear  order  in  the  chro- 
mosomes, it  follows  that  crossing-over  is  by  no  means  a  casual  happening, 
but  the  exchange  must  be  carried  down  somewhere  near  to  the  limits 
of  size  of  the  gene  or  at  least  to  that  of  the  space  between  the  genes, 
if  such  spaces  are  present. 

The  discovery  that  certain  characters  have  a  somewhat  different 
mode  of  inheritance  from  all  other  characters,  and  that  these  characters 
constitute  a  linkage  group,  and  that  their  mode  of  inheritance  is  cor- 
related with  sex,  led  naturally  to  the  view  that  the  genes  for  the  sex 
linked  characters  are  carried  by  the  sex  chromosomes  (fig.  3).  The 
fact  that  the  male  has  only  one  X  chromosome  (in  Drosophila)  and 
that  he  carries  only  one  series  of  linked  factors,  while  the  female, 
having  two  X  chromosomes,  carries  two  such  series  of  linked  factors, 
furnished  strong  confirmation  of  this  view.  Furthermore,  since  the 
male  gets  his  single  X  chromosome  from  his  mother,  he  can  get  sex 
linked  factors  only  from  her  (not  from  his  father)  if  these  factors  are 
carried  by  the  X  chromosomes.  The  male  does  in  fact  inherit  these 
characters  only  from  his  mother.  The  identification  of  the  sex  linked 
genes  with  the  sex  chromosomes  has  been  proven  by  the  exceptional 
behavior  of  these  chromosomes  during  the  process  known  as  non- 
disjunction. It  is  unnecessary  here  to  give  the  details  of  this  process, 
they  can  be  found  in  most  modern  te.xt-books  of  genetics.  It  will 
suffice  for  our  present  purpose  to  state  that  it  happens,  at  times,  that 
the  Y  chromosome  (that  is  normally  confined  in  the  male  line)  gets 
carried  over  to  an  egg,  and  in  consequence  an  XXY  female  is  produced. 
She  is  externally  identical  with  other  females,  bearing  out  the  evidence 
that  the  Y  chromosome  of  Drosophila  does  not  carry  any  of  the  ordi- 
nary genes,  but  when  the  eggs  of  an  XXY  female  pass  through  the 
maturation  stages,  the  presence  of  three  chromosomes  creates  an  un- 
UKual  situation  that  leads  at  maturation  to  irrcgulurilit^s  in  Ihoir  dis- 
tril)Ution,  These  irregularities  arc  paralleled  cxuctly  by  what  tiio 
genetic  results  show  when  marked  genes  are  present  by  which  sex- 
linked  characters  can  be  followed.  Here,  a  highly  exc(>pti()nal  and 
rather  complicatc<l  chromosonuil  situation  gives  results  that  are  i)aral- 
leled  by  the  genetic  results.    As  a  matter  of  fact,  the  exceptional 
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genetic  behavior  was  observed  first  and  its  study  led  to  the  conclusion 
that  three  sex  chromosomes  must  be  present  in  the  no n-dis junctional 
female.  A  study  of  the  germ-cells  of  such  females  revealed  the  pres- 
ence there  of  the  three  postulated  chromosomes.  There  are  many 
controls  and  tests  that-  are  possible  for  this  case  and  these  have  been 
made.  They  leave  no  doubt  as  to  the  genetic  result  being  due  to  the 
behavior  of  the  chromosomes. 


White -eyed  female  by  red -eyed  male 

00  lY 


Red- eyed  female  by   white-eyed  male 
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Fig.  3.  The  inheritance  of  the  sex-linked  character,  white  eyes  of  Drosophila 
melanogaster.  In  the  part  of  the  diagram  to  the  left  a  white-eyed  female  is 
mated  to  a  red-eyed  male.  In  the  part  to  the  right,  the  reciprocal  cross,  a  red- 
eyed  female  is  mated  to  a  white-eyed  male.  In  the  center,  the  sex  chromosomes 
are  represented.  The  white  (open)  chromosome  stands  for  white  eyes  and  the 
black  chromosome  for  red  eyes.  The  Y  stands  for  the  chromosome  of  that  name; 
it  is  confined  to  the  male  line. 


In  the  process  of  sex-linked  inheritance,  referred  to  above,  a  mother, 
if  she  shows  a  recessive  sex-linked  character  transmits  it  to  her  sons 
who  show  it,  but  if  the  father  carries  the  sex-linked  recessive,  neither  his 
daughters  nor  his  sons  show  it,  as  is  expected  from  the  known  behavior 
of  the  X  chromosomes  (see  fig.  3).  These  relations  are  called  criss- 
cross inheritance.  Recently,  a  case  has  arisen  in  which  the  above 
relations  are  exactly  reversed — a  female  with  a  recessive  sex-linked 
character  (yellow)  mated  to  a  male  with  another  sex-linked  recessive 
character,  produced  daughters  like  herself  (instead  of  sons  like  herself) 
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and  sons  like  their  father  (that  carried  another  recessive).  It  was 
apparent  from  the  genetic  evidence  that  the  reversal  of  the  ordinary 
result  would  be  understandable  if  the  two  yellow-bearing  X  chromo- 
somes of  such  a  female  were  stuck  together.  If  at  the  same  time  such 
a  female  carried  also  a  Y  chromosome  then  after  maturation  half  of 
her  eggs  would  retain  the  double  X  chromosomes  (yellow  bearing), 
and  half  would  retain  the  Y  chromosome  (fig.  4).  Now  if  the  former 
kind  of  eggs  should  be  fertilized  by  the  X-bearing  chromosome  of  the 
male,  they  would  die,  since  nearly  all  three-X  individuals  perish ;  but 
if  these  XX  eggs  were  fertilized  by  the  Y  speiTn  of  the  male,  a  double 
X  female  (with  Y  also)  would  develop  that  would  have  the  maternal 
reqessive  character  (yellow).  The  other  kind  of  egg,  produced  by 
the  original  XXY  mother,  contains  only  the  Y  chromosome.  If 
this  egg  is  fertilized  by  a  Y-bearing  spenn  it  dies  because  individuals 
without  an  X  cannot  develop;  but  if  this  Y-bearing  egg  is  fertilized  b}- 
an  X-bearing  sperm  a  male  (XY)  results  whose  X  is  derived  from  his 
father;  and  if  his  father  carries  a  recessive  factor  he  should  produce 
a  recessive  son  like  himself.  As  stated,  these  genetic  results  demand 
a  double-X  female  carrying  a  Y.  Preparations  showed  ix)sitively 
that  two  X's  (stuck  together  at  one  end)  and  a  Y  chromosome  are 
present. 

In  addition  to  the  breeding  evidence  relating  to  the  X  chromosome 
just  given  there  is  also  further  evidence  from  the  exceptional  behavior 
of  the  pair  of  chromosomes  of  Drosophila  called  chromosomi.  IV. 
As  shown  in  figure  5a,  there  is  present  in  the  middle  of  the  motaphase 
chromosome  group  of  the  nonnal  fly  a  small  pair  of  chromosomes 
that  was  supposed  for  a  long  time  to  be  the  bearers  of  the  smallest 
group  of  linked  genes.  There  is  now  both  genetic  and  cytological 
evidence  fulfilling  this  prediction.  A  summary  of  the  results  will 
serve  to  show  not  only  the  kind  of  changes  in  heredity  brought  about 
by  the  addition  or  by  the  loss  of  a  member  to  this  ])nir  of  chro- 
mosomes but  also  the  general  effect  of  such  changes  on  development. 

There  are  several  ways  in  which  the  addition  of  a  chromosome  may 
take  place— generally  it  is  supposed  by  primary  non-disjunction  either 
in  the  male  or  female.  The  addition  of  a  thini  chromosome  in 
Drosophila  (fig.  5b)  brings  about  slight  though  recognizable  (lci)ar- 
turcs  from  the  wilrl  tyT)e.  The  eyes  of  such  a  tri[)lo-IV  fly  are  smaller, 
the  iKxly  color  is  <larker,  the  wings  are  narrower.  ThcHc  changes 
while  definite,  are  ho  slight  that  they  would  ordinarily  pass  unnoticed. 
If  such  a  triplo-IV  fly  is  bred  to  a  fly  that  is  nonnal  in  type  nnd  carries 
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Fig.  4.  Diagram  to  illustrate  the  two  kinds  of  eggs  produced  by  a  double-X, 
yellow  female,  and  the  results  of  fertilizing  them  by  sperm  from  a  wild  type 
male.  The  double  yellow  X-chromosome  is  represented  by  the  bent  loop,  and 
its  mate  the  Y-chromosome  by  a  stippled  hook.  Four  kinds  of  zygotes  are  pro- 
duced (shown  in  the  lower  line).  Two  of  these  die,  namely,  XXX  and  YY;  two 
live,  namuly  XX  Y  and  AT.  The  former  is  a  double  yellow  female  like  the  parent 
female,  while  the  other  is  a  male  like  the  father. 
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Fig.  o.  The  normal  group  of  chromosomes  from  the  female  of  D.  melanogaster 
is  shawu  in  o.  The  group  of  chromosomes  of  a  haplo-IV  female  is  shown  in  h. 
The  group  of  chromosomes  of  a  tripo-IV  female  is  shown  in  c. 
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a  recessive  factor  in  one  of  its  IV  chromosomes,  eyeless  for  example, 
the  offspring  are  expected  to  be  of  two  kinds  as  shown  in  the  diagram 
(fig.  6).  Half  of  them  are  triplo-IV,  and  half  are  normal  for  these 
chromosomes.  Suppose  now  one  of  these  Fi  triplo-IV  flies  is  back- 
crossed  to  an  eyeless  fly  (from  stock),  the  offspring  are  in  the  ratio  of 
five  wild  type  to  one  eyeless  instead  of  equality  as  in  ordinary  cases  of 
heredity  where  a  back-cross  is  made.  An  analysis  of  the  kinds  of  germ 
cells  expected  after  maturation  of  the  eggs  or  spemi  of  a  triplo-IV 
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Fig.  6.  The  result  of  mating  a  triplo-IV  to  an  eyeless  fly  is  represented  by  the 
chromosomes  that  ore  specially  involved.  The  triplo-IV  (three  black  circles), 
is  supposed  to  carry  normal  allelomorphs;  the  other  fly,  that  is  eyeless,  is  sup- 
posed to  carry  the  recessive  gene  for  eyeless  in  the  fourth  chromosomes  (repre- 
sented here  by  the  open  circles).  The  gametes  of  these  two  kinds  of  flies  are 
represented  in  the  second  line,  and  their  recombinations  in  the  third  line.  Two 
kinds  of  individuals  result  in  this  first  Fi  generation,  namely,  a  wild  type 
that  is  triplo-IV,  and  u  wild  type  that  is  diplo-IV  i.e.,  a  normal  fly.  For  a  test 
of  the  inheritance  shown  by  the  former,  see  figure  7. 

individual  (fig.  7)  explains  fully  the  departure  from  the  Mcndclian 
expectation. 

The  exceptional  genetic  behavior  shown  by  the  triplo-IV  flies  based 
on  the  theory  that  they  have  three  IV  chromosomes  has  been  con- 
firmed by  (;ytological  preparations  that  demonstrate  the  iirosonce  of 
three  IV  chromosomes. 

In  contrawt  to  the  triplo-IV  individuals  other  individuals  have  been 
found  by  Bridges  in  which  there  is  only  one  IN'  chiomosonio  (fig.  fx-). 
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Since  only  one  IV  chromosome  is  present  only  half  of  the  germ-cells 
are  expected  to  carry  this  chromosome,  hence  if  such  a  fly  is  bred  to 
a  normal  fly  with  two  IV  chromosomes  and  homozygous  in  a  recessive 
IV  chromosome  factor,  eyeless  for  example,  half  of  the  offspring  are 
haplo-IV  and  these  are  also  eyeless.  They  come  from  the  egg  lacking 
a  IV  chromosome,  fertilized  by  a  sperm  bearing  a  recessive  factor 
(eyeless)  in  its  IV  chromosome.     The  other  half  of  the  offspring  are 
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Fig.  7.  A  back  cross  of  a  triplo-IV  fly  (heterozygous  in  one  chromosome  for 
eyeless;  see  fig.  6)  to  an  eyeless  fly.  The  three  chromosomes  of  the  former  are 
represented  at  the  top,  first  line;  the  kind  of  gametes  expected  are  shown  in  the 
second  line;  the  single  kind  of  sperm  cell  produced  by  the  eyeless  fly  is  repre- 
sented by  the  open  circle  in  the  middle  of  the  diagram;  and  in  the  lower  line  the 
six  kinds  of  individuals  that  result  are  shown.  The  expectation  is  5  wild  type 
to  1  eyeless. 

wild  type  flies  (heterozygous  for  eyeless).  Here  then  a  known  reces- 
sive Mendelian  character  appears  in  half  of  the  first  generation  offspring. 
This  exceptional  result  is  at  once  accounted  for  by  the  known  changes 
in  the  number  of  the  chromosomes. 

It  is  probably  not  a  mere  coincidence  that  it  is  a  change  in  the  small 
IV  chromosome  that  gives  these  results  because  its  absence  is  not 
fatal  to  the  life  of  the  individuals  so  constituted.     No  such  results 
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have  been  obtained  for  the  two  large  chromosomes,  II  and  III,  It 
would  seem,  a  priori,  not  unlikely  that  an  increase  or  a  decrease  in 
these  might  so  upset  the  balance,  (the  effects  produced  by  all  the  genes) 
that  such  an  individual  would  not  live.  This  anticipation  has  been 
confirmed  by  the  kinds  of  offspring  produced  by  still  another  type  of 
fly  in  which  all  of  the  chromosomes  are  in  threes.  These  triploids 
have  been  found  and  studied  by  Bridges  both  by  genetic  and  by  cyto- 
logical  methods.  The  flies  themselves  are  essentially  like  the  wild 
type,  but  a  little  larger  (fig.  8). 


# 


\ 


Fig.  S.  A  normal  female  (D.  melanogaster)  to  tiie  lelL  aiul  a  tripluiil  remale 
to  the  right.  The  two  chromosome  groups  are  shown  above  and  to  the  right  of 
the  respective  females. 


When  the  genn-cells  of  the  triploid  pass  through  the  reduction 
period,  each  set  of  three  bohavos  in  a  non-disjunct ional  way.  The 
result  Ih  that  there  are  many  combinations  of  chroniosomes  i)()ssil)lo. 
Most  of  these  combinations  are  not  viable  (after  fertilization),  and 
no  flif'8  are  found  in  wiiicli  chromosome  II  or  chromosome  III  is 
in  triplicut<!  wliih;  the  rest  are  in  duplicate  (normal).  It  follows  that 
while  all  the  genes  may  be  in  twos  or  threes  (or  even  fours)  and  the 
individual  containing  them  may  l)e  ])erfectly  viable,  an  unbalance^  in 
one  of  the  sets,  if  it  is  large;,  causes  disaster. 

Of  course  it  might  well  \m  in  i)articular  cases  that  a  very  snuill  chro- 
tnosomc  might  contain  factors  so  essential  to  the  life  of  tlie  individual 
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that  its  loss  or  even  its  duplication  might  be  fatal.  Nevertheless  it 
seems  probable,  this  being  conceded,  that;  in  general,  when  only  a  few- 
chromosome  pairs  are  present,  a  change  in  one  set  is  more  likely  to 
WQrk  disastrously  than  a  similar  change  when  a  large  number  of  chro- 
mosomes are  present.  However,  much  remains  here  for  the  future  to 
decide. 

The  relations  of  thf  large  X  chromosomes  of  Drosophila  (and  of  many 
other  forms)  may  seem  to  stand  in  contradiction  to  the  statement 
just  made,  because  one  of  them  is  absent  from  one  sex,  the  male,  yet 
that  sex  is  as  viable  as  the  other.  We  can  suppose  here  that  the  rela- 
tions have  been  gradually  brought  about  by  compensating  effects 
elsewhere,  i.e.,  in  other  chromosomes.  In  fact  this  situation  is  ac- 
tually utilized,  so  to  speak,  to  produce  two  extreme  types  of  individuals 
within  the  same  species,  the  male  and  the  female.  That  the  sex 
chromosome  arrangement  is  intimately  interrelated  with  the  effects 
produced  by  the  other  chromosomes  is  known  by  the  occurrence  of 
intersexes  amongst  the  offspring  of  the  triploid. 

Physiological  effects  of  the  genes.  Concerning  the  ways  in  which  the 
genes  produce  their  effects  genetics  has  almost  nothing  to  say.  There 
are  however  certain  implications  that  need  to  be  carefully  scrutinized, 
since  it  is  almost  inevitable  that  speculative  views  will  be  advanced 
concerning  the  actions  of  the  genes  that  have  little  or  no  foundation 
in  genetics,  however  probable,  or  improbable,  they  may  appear  from 
the  embryological  standpoint. 

Mendel  used  arbitrary  symbols  (A  and  a)  for  the  character  pairs 
that  he  studied.  The  symbol  stood  both  for  the  character  and  for 
whatever  it  is  in  the  germ-cells  that  is  there  the  forerunner  of  the 
character.  In  principle,  we  use  the  same  scheme  today,  and  since 
the  same  symbol  stands  for  both  character  and  gene  there  is  present 
an  opportunit}^  at  times  for  a  careless  shifting  of  meaning.  In  most 
situations  this  double  meaning  of  the  symbol  does  no  harm,  but  it 
has  its  dangers  when,  for  instance,  the  variability  shown  by  the  character 
(that  may  be  due  to  environmental  or  to  modifying  genetic  factors) 
is  referred  to  as  a  property  of  one  gene.  Thus,  for  instance,  a  rabbit 
with  ears  larger  than  others  of  its  stock  might  be  said  to  owe  its  ad- 
vantage to  external  factors  acting  during  development  or  to  a  different 
combination  of  inner  factors  (genetic)  that  affect  ear  length,  or  to  the 
principal  gene  affecting  ear  length  being  somewhat  larger  (and  there- 
fore more  effective)  than  the  average  gene.  There  are  well  recog- 
nized methods  by  which  it  can  be  determined  which  of  these  possi- 
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bilities  is  responsible  for  the  larger  ear  of  a  particular  individual. 
This  evidence  has  shown  that  results  like  these  are  not  due  to  a  "larger.  " 
gene  but  either  to  the  environment  or  to  other  inner,  genetic  factors. 
If  the  gene  were  labile,  as  implied  in  the  last  interpretation  of  varia- 
bility, the  study  of  heredity  would  be  an  extraordinarily  complex 
problem  that  could  be  followed  only  as  a  mass  phenomenon  by  means 
of  statistical  methods.  Fortunately  there  is  a  large  body  of  informa- 
tion that  shows  that  in  heredity  we  are  dealing  with  individual  units 
of  a  high  order  of  stability.  It  is  chiefly  owing  to  this  that  the  modern 
theory  of  heredity  has  made  rapid  progress. 

These  statements  need  not  be  interpreted  as  dogmatic  assertions 
that  the  gene  is  an  absolute  unchanging  unit,  that  it  has  no  fluctua- 
tions, and  in  this  respect  comparable  to  an  organic  molecule.  In  the 
first  place,  we  are  not  concerned  with  absolute  distinctions.  All  that 
we  are  justified  in  stating  is  that  by  the  assumption  of  stable  elements 
in  the  germ-material  the  results  we  obtain  can  be  explained. 

By  a  stable  element  we  might  mean  one  that  maintains  a  constant 
size  or  constitution,  or  mean  only  that  if  it  fluctuates  quantitatively 
about  a  mean,  this  mean  remains  the  same  through  countless  genera- 
tions of  cell-divisions  and  generations  of  individuals.  Genetics  con- 
tributes nothing  here,  and  has  in  fact  no  particular  interests  involved, 
for  either  situation  would  fulfil  its  requirements. 

If  our  information  were  more  complete,  it  might  be  possible  from 
the  evidence  of  crossing-over  to  discover  limiting  values  for  the  size 
of  the  gene,  and  find  out  in  this  way  whether  the  order  of  magnitude 
is  such  that  it  comes  within  the  limits  of  organic  molecules.  A  few 
tentative  estimates  of  this  kind  have  in  fact  been  made  (see  Morgan, 
'i'hc  C'roonian  Lecture,  1922),  but  such  attempts,  at  present,  are  too 
uncertain  to  give  the  kind  of  information  essential  to  settle  the  point 
under  discussion. 

How  the  genes  produce  their  effects  through  the  medium  of  the 
cytoplasm  of  the  cell,  where  differentiation  becomes  realized,  we  do 
not  know.  It  has  been  suggested  that  the  genes  are  enzymes.  In- 
teresting as  are  such  views  from  a  purely  speculative  point  of  view, 
they  have  at  present  little  to  support  them.  It  is,  of  course,  to  be 
hoped  that  in  time  the  combined  attack  on  this  problem  of  develop- 
ment both  by  genetics  and  by  experimental  embryology  and  especially 
by  chemistry  may  lead  to  th(»  discovery  of  tlu;  physiological  action  of 
the  genes,  but  for  the  present  we  must  confc'ss  igiionince. 
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There  is  a  rather  wide-spread  interpretation  of  Mendehan  recessive 
genes  as  absences.  This  interpretation  began  almost  immediately 
with  the  recognition  of  Mendel's  paper  (1900)  and  has  taken  the  popu- 
lar fancy.  As  a  pictorial  interpretation,  or  as  a  kind  of  symbolism, 
one  need  not  quarrel  with  such  a  view,  for  it  means  nothing  more  than 
that  small  a  means  the  absence  of  a  character  (A) .  On  the  other  hand 
if  the  symbol  is  taken  in  a  literal  sense  it  may  do  mischief  if  in  no  other 
way  than  making  an  unwarrented  interpretation  of  the  internal  fac- 
torial scheme  of  Mendelian  inheritance.  It  may  not  be  out  of  place 
to  give  a  little  space  to  this  question. 

It  will  be  advantageous  also  to  consider  along  with  the  view  that  a 
recessive  character  means  an  absence  in  the  germ-material,  another 
view  that  has  grown  up  beside  the  other,  namely,  that  a  dominant 
factor  is  something  added  to  the  original  complex  of  factors.  The 
artificiality  of  these  interpretations  is  obvious.  They  owe  their  origin 
to  the  common  observation  that  recessives  are  often  due  to  loss — loss 
of  color,  for  example — while  some  dominants  appear  as  additions, 
enlargements  of  the  original  characters.  But  it  is  illogical  to  conclude 
that  there  must  be  corresponding  losses  or  additions  of  genes  in  the 
germ-material,  for  the  results  may  be  due  to  any  kind  of  change  in 
the  germ  material  that  affects  the  end  products  of  development  in  such 
a  way  that  they  may  be  either  losses  or  gains.  It  must,  of  course,  be 
granted  that  a  loss  of  a  gene  might  cause  a  loss  of  a  character,  and 
that  the  addition  of  a  gene  might  cause  the  increase  of  a  character, 
yet  there  is  nothing  at  all  in  the  genetic  evidence  that  supports  such 
an  inference  and  there  is  something  at  least  that  indicates  its  absurdity. 
For  example,  more  than  20  dominants  are  known  in  Drosophila.  The 
genetic  evidence  indicates  that  a  gene  has  changed  (as  seen  in  its  effects) 
but  the  number  of  genes  remains  the  same. 

Furthermore,  the  arbitrary  nature  of  the  presence  and  absence 
interpretation  becomes  at  once  manifest  when  we  recall  that  the  dis- 
tinction between  a  dominant  and  a  recessive  character  is  by  no  means 
as  sharp  as  implied.  On  the  contrary  dominance  and  recessiveness 
represent  rather  the  extreme  end  of  a  continuous  series,  rather  than 
alternative  conditions.  A  great  many  characters  are  neither  dominant 
nor  recessive,  but  intermediate  in  the  heterozygote.  Nevertheless 
their  segregation  is  as  clear  as  when  the  character  pairs  contrasted  are 
strictly  dominant  or  recessive.  It  would  not  be  a  gross  exaggeration 
to  say  that  there  is  no  such  thing  as  complete  dominance  or  recessive- 
ness, but  in  all  heterozj-gotes  the  influence  of  both  genes  may  be  pres- 
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ent,  although  sometimes  difficult  to  detect,  except  under  exceptional 
conditions.  It  follows  from  this  that  there  are  no  sufficient  grounds  for 
the  presence  and  absence  hypothesis  as  literal  interpretation.  It  is 
needless  to  go  into  further  details,  but  it  may  be  pointed  out  that  there 
are  many  cases  known  in  which  an  addition  to  a  common  character — 
as  in  some  melanic  types — is  produced  by  a  recessive  gene,  and  where 
a  loss  of  a  character — as  in  brachydactyly — is  produced  by  a  dominant 
gene. 

When  we  consider  those  cases  that  are  known  to  result  from  the 
absence  of  a  group  of  genes,  or  by  the  addition  of  a  group  of  genes — 
as  in  the  haplo-  or  triplo-IV  chromosomes  of  Drosophila — there  is 
nothing  in  the  kind  of  character  changes  to  suggest  that  one  causes 
losses,  the  other  additions.  In  fact,  the  evidence  points  exactly  to  the 
opposite  conclusions,  for,  while  the  absence  of  a  IV  may  make  the 
wing  longer  it  also  makes  it  narrower  and  the  presence  of  an  additional 
IV  makes  the  wing  shorter  but  wider,  etc. 

Cytoplasmic  inheritance.  There  are  a  few  instances  known  in  which 
self-perpetuating  bodies  that  lie  in  the  cytoplasm  produce  effects  that 
are  inherited.  The  chlorophyll  bodies  in  plants  furnish  the  best 
example.  Since  these,  so  far  as  is  known,  are  transmitted  only  through 
the  cytoplasm  of  the  egg,  their  inheritance  is  said  to  be  cytoplasmic. 
If  this  form  of  inheritance  were  general  it  would  have  been  frequently 
met  with,  but  aside  from  chlorophyll  inheritance  there  are  no  certain 
cases  of  inheritance  through  the  cytoplasm,  while  practically  all  the 
genetic  evidence  can  be  interpreted  in  tenns  of  chromosome  inheritance. 

The  fact  that  modern  genetics  has  dealt  so  exclusively  with  chromo- 
somal inheritance  to  the  exclusion  of  the  cytoplasm  has  aroused  some 
antagonism  from  a  few  embryologists  and  physiologists,  but  for  some- 
what different  reasons.  The  cmbryologist  observes  the  developmental 
changes  taking  place  in  the  cytoplasm  in  the  presence  of  the  entire 
chromosome  complex.  He  is  therefore  strongly  impressed  with  the 
view  that  the  cytoplasm  of  the  cell  is  the  active  agent  in  development. 
In  this  ho  is,  of  course,  entirely  right,  because  his  evidence  is  only 
cimccrmtd  with  what  he  can  see  and  not  with  what  takes  place  behind 
tho  scenes.  Tlie  geru'tic  evidence  is  the  only  nutans  we  have  at  pres- 
ent to  show  tliat  the  chromosomes  influ<uice  what  takes  place  in  the 
cytoplasm. 

'Hic  physiologist  is  conciiiird  wilh  pioccsscH  going  on  in  the  cell, 
but  has  no  means  of  finding  out  at  pre  < m  liow  far  tlu«  chromosomes 
may  or  may  not  have  affected  the  process.    He  is,  however,  as  a  lulc 
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sufficiently  broad-minded  to  concede  at  least  that  any  change  in  the 
complex  of  factors  present  in  a  cell  may  affect  the  end  result.  Genet- 
ics supplies  this  evidence;  it  is  not  concerned  with  the  processes  that 
take  place  either  before  or  after  the  postulated  change — at  least  only 
secondarily  interested.  Whether  or  not  genetics  may  in  time  develop 
new  methods  that  make  possible  an  approach  to  some  of  the  problems 
that  at  present  belong  to  the  field  of  experimental  embryology  and 
physiology  remains  to  be  seen,  but  there  is  no  conflict  at  present  be- 
tween these  studies  and  no  grounds  for  prejudice.  The  small  amount 
of  prejudice  that  exists  is  due  to  a  misconception  of  the  limitations 
that  the  geneticist  places  on  his  own  work. 

The  question  remains  nevertheless  as  to  how  discrete  particles  in 
the  chromosomes  can  produce  effects  on  the  cytoplasm  of  the  cell  of 
such  a  sort  as  to  determine  the  developmental  process  and  through 
it  the  later  physiology  of  the  cell.  Whether  the  genes  are  active  all 
the  time  or  only  under  specific  conditions  we  do  not  know,  but  at  least 
it  may  be  granted  that  there  is  no  evidence  to  indicate  that  all  of  them 
are  not  always  at  work.  How  they  work  we  do  not  know.  Several 
suggestions  have  been  made  that  are  purely  speculative  or  fictitious. 
The  only  important  contribution  that  genetics  has  made  in  this  field 
may  be  illustrated  by  an  example.  If  a  red-eyed  female  Drosophila 
that  has  a  red-eye-producing  gene  and  a  white-eye-producing  gene 
(i.e.,  if  she  is  heterozygous  for  white)  is  mated  to  a  pure  white  male, 
half  the  daughters  are  red-eyed,  half  white-eyed.  The  latter  are  in- 
distinguishable from  white-eyed  females,  all  of  whose  parents  for 
generations  have  been  white-eyed.  This  means  that  the  presence  of 
a  red-producing  gene  in  the  egg  of  the  mother  (and  in  the  generations 
of  oocytes  that  by  division  have  produced  the  egg)  has  had  not  the 
slightest  effect  on  the  character  of  the  white  eye  of  those  of  her  daugh- 
ters that  have  two  white  genes.  This  evidence  is  explicit  in  showing 
that  even  if  the  presence  of  the  red-producing  gene  in  the  egg  has 
affected  the  cytoplasm  of  the  egg  up  to  the  time  of  maturation,  that 
effect  is  done  away  with  by  the  introduction  of  a  white-producing 
gene  at  the  beginning  of  embryonic  development.  It  is  this  kind  of 
evidence  from  genetics  that  shows  the  minor  role  in  inheritance  played 
by  the  cytoplasm.  It  is  needless  to  point  out,  perhaps,  that  the  evidence 
in  no  sense  indicates  that  the  cytoplasm  may  not  be  as  important  for 
the  development  as  are  the  chromosomes — only  it  is  under  their  in- 
fluence. 
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